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Fatty Acid Cosubstrates Provide [3-Oxidation Precursors for
Rhamnolipid Biosynthesis in Pseudomonas aeruginosa, as Evidenced
by Isotope Tracing and Gene Expression Assays
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Rhamnolipids have multiple potential applications as “green” surfactants for industry, remediation, and medicine. As a result,
they have been intensively investigated to add to our understanding of their biosynthesis and improve yields. Several studies
have noted that the addition of a fatty acid cosubstrate increases rhamnolipid yields, but a metabolic explanation has not been
offered, partly because biosynthesis studies to date have used sugar or sugar derivatives as the carbon source. The objective of
this study was to investigate the role of fatty acid cosubstrates in improving rhamnolipid biosynthesis. A combination of stable
isotope tracing and gene expression assays was used to identify lipid precursors and potential lipid metabolic pathways used in
rhamnolipid synthesis when fatty acid cosubstrates are present. To this end, we compared the rhamnolipids produced and their
yields using either glucose alone or glucose and octadecanoic acid-d;; as cosubstrates. Using a combination of sugar and fatty
acids, the rhamnolipid yield was significantly higher (i.e., doubled) than when glucose was used alone. Two patterns of deute-
rium incorporation (either 1 or 15 deuterium atoms) in a single Rha-C,, lipid chain were observed for octadecanoic acid-d;
treatment, indicating that in the presence of a fatty acid cosubstrate, both de novo fatty acid synthesis and (3-oxidation are used
to provide lipid precursors for rhamnolipids. Gene expression assays showed a 200- to 600-fold increase in the expression of rhlA
and rhIB rhamnolipid biosynthesis genes and a more modest increase of 3- to 4-fold of the fadA (-oxidation pathway gene when
octadecanoic acid was present. Taken together, these results suggest that the simultaneous use of de novo fatty acid synthesis and
[B-oxidation pathways allows for higher production of lipid precursors, resulting in increased rhamnolipid yields.

hamnolipids are surface-active secondary metabolites se-

creted by Pseudomonas aeruginosa and related species in the
stationary phase. They are the most intensively studied type of
biosurfactant and have some documented advantages over syn-
thetic surfactants in terms of biodegradability, toxicity, structural
diversity, surfactancy, and stability in extremes of temperature,
pH, and salt concentration (e.g., 1, 19). Rhamnolipids contain one
(monorhamnolipid) or two (dirhamnolipid) rhamnose sugars
linked to a B-D-(B-D-hydroxyalkanoyloxy)alkanoic acid (HAA)
(42). The exact physiological functions of rhamnolipids remain
unclear, but studies have shown that they serve as a virulence
factor for Pseudomonas infection (43) and also affect biofilm for-
mation (2, 5) and the swarming motility of bacteria (3, 13). Addi-
tionally, these versatile molecules have antimicrobial activities (9)
and enhance the aqueous solubilities and biodegradation of
slightly soluble organic compounds (20) and complex heavy metal
contaminants (20).

Rhamnolipids are produced as a mixture of congeners with
conserved hydrophilic head groups and variable hydrophobic
tail groups (6). Rhamnolipid production is transcriptionally
regulated by quorum sensing (26, 27). The details of the path-
ways and genes involved in rhamnolipid biosynthesis have
been largely studied using radioactive tracer-labeled carbon
sources (11, 12) and P. aeruginosa rhamnolipid null mutants
(25, 29). These studies have shown that rhamnolipids are syn-
thesized by diverting precursors for the rhamnosyl and lipid
moieties from central metabolic pathways to the rhamnolipid
biosynthesis pathway (Fig. 1). The donor of the rhamnosyl
moiety is dTDP-L-rhamnose, produced from D-glucose by a
series of reactions catalyzed by the AlgC and Rml enzymes (20).
It has been suggested that the lipid moiety precursor is diverted
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from de novo fatty acid synthesis since the stereochemistry of
the B-hydroxy fatty acid in the lipid moiety matches that of the
intermediates in de novo fatty acid synthesis but not interme-
diates in the catabolic fatty acid B-oxidation pathway (42).
RhIA has been identified as the enzyme that diverts the (R)-3-
hydroxyacyl-acyl carrier protein (ACP) from de novo fatty acid
synthesis to the rhamnolipid biosynthesis pathway by cata-
lyzing the formation of HAA (42). RhIB (25) and RhIC (29) are
two rhamnosyltransferases which are responsible for the con-
secutive additions of two rhamnosyl groups to HAA to form
monorhamnolipid first and then dirhamnolipid.

The rhamnolipid biosynthesis pathway has been elucidated us-
ing carbohydrates or their derivatives, e.g., glucose (4, 29), glyc-
erol (10, 11), or mannitol (7), as the growth substrate. The catab-
olism of these carbon sources does not involve B-oxidation.
However, P. aeruginosa is well known for its ability to metabolize
a range of fatty acids (C, to C,3) (37). As an opportunistic patho-
gen in cystic fibrosis patients, P. aeruginosa has also been reported
to induce the degradation of lung surfactant lipids to fatty acids
(C,4t0 Cyg) to help sustain high cell density in vivo (35). A high cell
density allows this bacterium to induce quorum sensing, which in
turn results in the production of virulence factors. A recent study
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FIG 1 Biosynthesis of rhamnolipids, highlighting the proposed contributions of de novo fatty acid biosynthesis and 3-oxidation to the fatty acids incorporated
into rhamnolipids. (A) Normally, in de novo fatty acid biosynthesis, the initial four-carbon B-ketoacyl-ACP is formed from the condensation of acetyl-CoA and
malonyl-ACP. This reaction is catalyzed by FabH. Thereafter, the fatty acid is elongated in a cyclic fashion, each cycle adding two carbons [Ry,,. 5y, R+ 4y Rins
etc.], by the condensation of acyl-ACP (shown as R, acyl-ACP) with malonyl-ACP [intermediates shown as R ,,., »)]. We propose that when a fatty acid is added
as a cosubstrate, the B-ketoacyl-ACP can also be formed from a bypass route linking the 3-oxidation pathway with the de novo fatty acid pathway, likely catalyzed
by a FabH-like enzyme. Specifically, the acyl-CoA B-oxidation intermediate, in particular the C4-acyl-CoA, condenses with malonyl-ACP to form the C,,-B-
ketoacyl-ACP, which is then recruited by RhIA to form HAA. The dashed arrow indicates the proposed bypass route for recruiting fatty acids from (-oxidation
for rhamnolipid biosynthesis. (B) Structures of HAA, monorhamnolipid, and dirhamnolipid.

showed that virulence factor expression, including that of rham-
nolipids, is affected by fatty acid B-oxidation enzymes. For exam-
ple, a P. aeruginosa PAO1 mutant that inactivates the fadD2 gene
showed a significantly lower than normal production of rhamno-
lipid (17). Additionally, rhamnolipid yields can be increased by
the addition of oils or oil waste products, which are metabolized
through B-oxidation, as a carbon source (23). A recent study
showed that rhamnolipids synthesized from fatty acids with an
odd number of carbons consisted of both odd- and even-number
B-hydroxy fatty acid units, while rhamnolipids synthesized from
fatty acids with an even number of carbons consisted of only even-
number B-hydroxy fatty acid units (15). Taken together, these
studies suggest the potential for a metabolic link between {3-oxi-
dation and rhamnolipid biosynthesis.

The goal of this work was to investigate rhamnolipid biosyn-
thesis under conditions that stimulate the 3-oxidation pathway
during growth. Specifically, we compared the rhamnolipid yields,
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structural information, and expressions of selected genes with
three treatments: 1.25% glucose alone (glucose) and 1% glucose in
combination with either 0.25% octadecanoic acid (C,5) or 0.25%
deuterated octadecanoic acid-ds;s (C,g-ds5). The glucose treat-
ment was used to confirm that fatty acid amendment increased
rhamnolipid yields and to provide a baseline control of the major
rhamnolipid congeners produced. The C,4-d;; treatment was
used to trace the pathways used in octadecanoic acid metabolism
and incorporation into the rhamnolipid. The C,g treatment
served as a control for the C,5-d;5 treatment to confirm that there
were no effects of deuteration on rhamnolipid yields, congener
distributions, or gene expressions. The deuterium distributions in
the rhamnolipids produced were analyzed by mass spectrometry. To
complement this analysis, the expression levels of key genes involved
in B-oxidation (fadD1I, fadD2, fadA), de novo fatty acid synthesis
(fabH1I, fabG), and rhamnolipid biosynthesis (rhlA, rhIB) were mon-
itored during bacterial growth using quantitative PCR (q-PCR).
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MATERIALS AND METHODS

Bacterial strain and culture conditions. Pseudomonas aeruginosa strain
ATCC 9027, which produces only monorhamnolipids (18, 41), was pur-
chased from the American Type Culture Collection (Rockville, MD) and
stored as a glycerol freezer stock at —80°C. A peptone, yeast extract, glu-
cose (PTYG) plate (Difco) was prepared from the freezer stock, and a
single colony was inoculated into a preculture composed of NH,H,PO,
(0.3%), K,HPO, (0.2%), glucose (0.2%), FeSO,, - 7H,0O (0.5 mg Fe per
liter), and MgSO, - 7H,O (0.1%). The preculture was incubated at 37°C
for 24 h with constant shaking at 200 rpm, and then 200 .l was inoculated
into 20 ml growth culture containing phosphate-buffered mineral salts
medium (MSM) composed of solutions A and B. Solution A contained 2.5
gNaNO;, 0.4 g MgSO, - 7H,0, 1.0 g NaCl, 1.0 g KCl, 0.05 g CaCl, - 2H,0,
and 5 ml H;PO, (85.0%) per liter. Solution B contained 0.5 g FeSO, -
7H,0, 1.5 g ZnSO,, - 7H,0, 1.5 gMnSO,, - H,0, 0.3 g H;BO5, 0.15 g CoCl, -
6H,0, 0.15 g CuSO, - 5H,0, and 0.10 g Na,MoO, - 2H,0 per liter. One
milliliter of solution B was added to 1 liter of solution A. The final pH of the
MSM was adjusted to 7.0 with KOH pellets. The MSM was supplemented
with either 1.25% glucose alone, 1% glucose plus 0.25% octadecanoic acid, or
1% glucose plus 0.25% octadecanoic acid-d;s. The octadecanoic acid was
purchased from Sigma-Aldrich Chemical Company, Inc. (Milwaukee, WI),
and the octadecanoic acid-d;5 was purchased from Cambridge Isotope Lab-
oratories, Inc. (Andover, MA). The growth cultures were incubated at 37°C
for 96 h with constant shaking at 200 rpm. Samples (100 wl each) were taken
at regular intervals and plated on tryptic soy agar (TSA) plates (Difco) for
enumeration. All treatments were repeated in triplicate, and each experiment
was performed a minimum of two times.

Rhamnolipid yields. Rhamnolipids were harvested and purified after
96 h as described previously (18). Briefly, cells were separated from the
supernatant by centrifugation at 10,000 rpm for 10 min, subjected to acid
precipitation, extracted with a 9:1 ratio of chloroform to methanol, and
concentrated by rotoevaporation. The samples were further purified by
column chromatography using a silica gel (60-A pore size) packed glass
column and a 6:6:6:1:1 (vol/vol/vol/vol/vol) mixture of hexane, dichloro-
methane, ethyl acetate, chloroform, and methanol with 0.1% acetic acid.
The fractions were tested for the presence of rhamnolipids with anthrone
reagent. The fractions containing rhamnolipids were combined, roto-
evaporated, transferred to a preweighed 1.5-ml plastic microcentrifuge
tube, and dried by air. The mass of each sample was recorded.

Electrospray ionization-mass spectrometry. Electrospray ioniza-
tion-mass spectrometry (ESI-MS) was performed using a Thermo Finni-
gan LCQ high-performance liquid chromatography (HPLC)-MS system
equipped with an ion trap. The sample solvent, a 1:1 ratio of acetonitrile to
methanol, was also used as the carrier solvent; the samples were intro-
duced via direct infusion. Typical flow rates ranged from 400 to 500 wlh ™"
with a capillary temperature of 200°C and under standard ESI tuning
conditions. All experiments were performed in the negative-ion mode.
Duplicate experiments were run on all rhamnolipid samples; relative
abundances for all ions were reproducible to 3 to 5%.

Fourier transform ion cyclotron resonance mass spectrometry.
Fourier transform ion cyclotron resonance mass spectrometry (FT-ICR)
was performed for high-resolution and accurate mass measurements on a
Bruker Apex Qh 9.4T FT-ICR instrument. The samples were introduced
using a conventional Bruker ESI source under standard conditions for
negative ions. Tandem mass spectrometry (MS/MS) was performed using
quadrupole collision-induced dissociation (QCID) with collision ener-
gies of 12 eV and He as the bath gas. Duplicate experiments were run on all
rhamnolipid samples; relative abundances for all ions were reproducible
to 3 to 5%.

Bacterial RNA extraction and cDNA synthesis. Transcriptional ex-
pressions of the selected target genes (fadD1, fadD2, fadA, fabH1, fabG,
rhlA, and rhIB) were evaluated by the quantification of mRNA transcripts
as described previously (22). Briefly, 500-l samples were taken from each
treatment at 8, 20, 24, 30, and 48 h, mixed with 1 ml of RNAprotect
bacterial reagent (Qiagen, Valencia, CA), and stored at —20°C. RNA was
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extracted using the RNeasy minikit (Qiagen, Valencia, CA) from extrac-
tion volumes that were standardized at a cell number of 1 X 10° CFU.
Genomic DNA contaminants were removed by DNase treatment, and the
integrity of the RNA was confirmed by gel electrophoresis. RNA concen-
trations were measured using a TBS 380 fluorometer (Turner Biosystems,
Sunnyvale, CA) following staining with RiboGreen (Invitrogen, Carlsbad,
CA). The RNA was reverse transcribed into cDNA using the iScript cDNA
synthesis kit (Bio-Rad Laboratories, Hercules, CA) in a total volume of 20
.l containing 4 .l of 5X iScript reaction mix buffer, 1 wl of iScript reverse
transcriptase, and 68 ng of DNase-treated total RNA. Negative reactions
were performed for each sample using the reaction mixture without re-
verse transcriptase. The conditions for the reverse transcription reactions
were 25°C for 5 min, 42°C for 30 min, and 85°C for 5 min. All samples
taken at the same time point were processed together to avoid bias (22).

Quantification of transcriptional gene expression by qPCR. The
transcript levels of the target genes were quantified as the relative expres-
sion ratios of the target genes with respect to two housekeeping genes,
proC and rpoD (28). The primers used in the quantitative reverse trans-
criptase (QRT) PCR were taken from the literature or designed using
Primer3 (http://frodo.wi.mit.edu/primer3) (32) and are listed in Table 1.
Duplicate qRT-PCRs were performed for target and reference genes from
the same time point using a CFX96 quantitative PCR detection system
(Bio-Rad) using the SsoFast EvaGreen supermix kit as recommended by
the manufacturer. The reaction mixture volume was 10 pl and contained
5 wl of SsoFast EvaGreen supermix (Bio-Rad), 0.4 uM each primer, 2 pl of
cDNA template, and 2.2 pl nuclease-free water. The amplification condi-
tions were 1 min at 95°C, followed by 40 cycles at 95°C for 6 s, 60°C for 6
s, and 72°C for 6 s, followed by melt curve analysis for the presence of a
unique PCR product. The reaction efficiencies were calculated for each
amplicon using the equation E = 10~ 41°P) from the slope of each cali-
bration curve (28) that was generated using 5-fold serial dilutions of
cDNA (Table 1). To check for residual contaminating genomic DNA,
negative controls were analyzed in the same way using cDNA templates
that were synthesized from RT-negative reactions.

The relative expression ratio (RER) of each target gene (T) was calcu-
lated from control (glucose) and treatment (C, g or C,4-d;5) Cy values of
the target and two reference (R1 and R2) genes at each growth stage using
the Nordgérd model (equation 1) (24). An effect on gene expression was
considered significant when the corresponding ratios were >2 or <0.5.

ACtT(control—treatment)
Ey

RER

= \/ERIACIRI(contmlftreurment) % ERZACrRZ(Eamrolftreatmem) (1)
where Eis the qRT-PCR efficiency, Cis the cycle threshold, R1 is proC, R2
is rpoD, and AC; is the difference in the C;. values between the control
(glucose) and the octadecanoic acid (C,g or C,4-d;5) treatments for the
gene transcripts.

Statistical analysis. Statistical analyses were performed using the JMP
Statistical Discovery v8.0 software (SAS Institute, Inc., Cary, NC). Treat-
ment effects of the carbon sources on the rhamnolipid yields were evalu-
ated by one-way analysis of variance (ANOVA) using the Tukey-Kramer
honestly significant difference (HSD) test (o = 0.05). Significant differ-
ences between the means for the RER of each target gene of C,4 and
C,4-d;5 treatments were evaluated separately at each time point using a
two-tailed t test (P < 0.05).

RESULTS

Bacterial growth and rhamnolipid yields. The growth rates of
strain ATCC 9027 in the three treatments, glucose, C,g, and C, 4-
dss5, were similar (Fig. 2), suggesting that fatty acid treatments had
little effect on bacterial growth. Rhamnolipids were harvested af-
ter 96 h, and the yields were compared by one-way ANOVA using
the Tukey-Kramer HSD test. The results revealed that the yields of
rhamnolipid were doubled in treatments containing either octa-
decanoic acid or octadecanoic acid-d;, in comparison to the yield
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TABLE 1 Primer sequences used in qRT-PCR analysis

Amplicon PCR

Gene Locus Primer Sequence (5'—3") length (bp) efficiency” Source

proC PA0393 proC-F CAG GCC GGG CAG TTG CTG TC 180 1.96 33
proC-R GGT CAG GCG CGA GGCTGT CT

rpoD PA0576 rpoD-F GGG CGA AGA AGG AAATGG TC 178 1.99 33
rpoD-R CAG GTG GCG TAG GTG GAG AA

fadD1 PA3299 fadD1-F CTT CCG CAA GCT GGA CTT CT 181 2.01 This study
fadD1-R GGT GCC GAC CTG GAT GTT

fadD2 PA3300 fadD2-F AGG CGCAGG AGGTGATGAT 193 2.01 This study
fadD2-R GCG ACG AACAGG GTGTTG A

fadA PA3013 fadA-F AGG CAA GTT CAA GGA CGA GA 210 2.04 This study
fadA-R AGG GTC TCG ACG GTG GTT

fabH1 PA0999 fabH1-F AGG TGCTGT CCAAGCGCAT 211 2.06 This study
fabH1-R ACATTCTCG TCG AGG AAG GTC G

fabG PA2967 fabG-F AGA TCG CCG AAA CCC TCA 195 1.98 This study
fabG-R CAT CGA ACC ACT CGT CGT CT

rhIA PA3479 rhlA-F ATC ACC AAG GAC GAC GAG GT 183 2.00 This study
rhlA-R GTC GAG CAT CGC CTG GTT

rhiB PA3478 rhiB-F CAC CGC GTG AGC CTCTGC ACCATC CC 241 2.06 22
rhlB-R CCC AGA GCG AGC CGA CCA CCA CGATGT

@ PCR efficiency (E) = 101~ Vslopel,

of rhamnolipid treated with glucose alone (Table 2). No signifi-
cant differences were found in rhamnolipid yields between the
two octadecanoic acid treatments.

Rhamnolipid characterization by mass spectrometry. The
distributions of the major monorhamnolipid species harvested
from strain ATCC 9027 grown in each of the three treatments can
be ascertained from ESI-LCQ mass spectrometry. These data are
shown in Fig. 3a to ¢ and tabulated in Table 3. It is noted that the
mass spectral data shown here reflect both contributions from
deuterium additions and contributions from natural-abundance
°C atoms in the chains, although the relative abundance values
reported in Table 3 have been corrected for the latter.

Monorhamnolipids that were harvested from strain ATCC
9027 grown in either the glucose or C,4 treatments exhibited
identical spectra, each with four major monorhamnolipid spe-
cies: [(Rha-C,,-Cg)—H] /[(Rha-C4-C,o)—H] , [(Rha-C,,-

Cio)—H]™, [(Rha-C,(-C,,,,)—H]7/[(Rha-C,,,-C,,)—H] ",
10.0 A
9.5
-
' 9.0
S
T 85
O
2 80+
7.5 A glucose alone
(0] glucose + octadecanoic acid
7.0 m glucose + octadecanoic acid-d,g

0 12 24 36 48 60 72 84 96 108
Time (h)

FIG 2 Growth of strain ATCC 9027 in MSM supplemented with 1.25% glu-
cose alone, 1% glucose plus 0.25% octadecanoic acid, or 1% glucose plus
0.25% octadecanoic acid-d;s.

8614 aem.asm.org

and [(Rha-C,,-C,,)—H] /[(Rha-C,,-C,,)—H]  at m/z 475,
503, 529, and 531, respectively. For the C,4-d;; treatment, the
same four major congener ions were observed. Additionally,
however, the {[(Rha-C,,-C,,)-d;, -d,, -d;s -dis -d;s -dsp
-d;;]—H]} "~ isotopologues were observed at m/z 504, 505, 518,
519, 520, 533, and 534, respectively. Similarly, the {[(Rha-C, -
C12:l)/(Rha_CIZ:l_CIO)_dI) ‘d2) ‘d15’ _d16’ 'd17’ —d30, 'd31]_H}7
and {[(Rha-C,(-C,,)/(Rha-C,,-C,,)-d;, -d,, -d;s5 -d;s -d;»n
-dsy -d3;]—H} ™~ isotopologues were observed at their corre-
sponding m/z values. In contrast, only the {[(Rha-C,,-Cy)/
(Rha-C4-C,y)-d,, -d,, -d,s]—H} ~ isotopologues were observed
at m/z 476, 477, and 490, respectively. The presence of a mix-
ture of nondeuterated and deuterated monorhamnolipids har-
vested from the C,4-d;; treatment suggests that both glucose
and octadecanoic acid-d;; were involved in the rhamnolipid
biosynthesis pathway.

The selected parent ions [M—H] ™~ were analyzed further to
identify the positions of the incorporated deuteriums. Negative-
ion Fourier transform mass spectrometry (FTMS)-QCID spectra
for [(Rha-C,(-Cg)—H] /[(Rha-Cys-C,)—H] ", {[(Rha-C,(-Cs)-

TABLE 2 The effects of octadecanoic acid and octadecanoic acid-d;5 on
rhamnolipid yields at 96 h

Molar carbon content

Rhamnolipid yield” (g/mol
Substrate yield” (g/liter) substrate carbon)
1.25% glucose alone 1.0 £ 0.07a 2.4
1% glucose plus 0.25% 2.1*041b 43
octadecanoic acid
1% glucose plus 0.25% 2.6 £0.26b 5.5

octadecanoic acid-d;5

@ Values reported are the means of triplicate flasks = the SD of the mean. Significant
treatment differences, indicated by different numbers of letters, were determined by
one-way ANOVA using the Tukey-Kramer HSD test to compare means for experiments
with different carbon sources (o = 0.05).

¥ Molar carbon content yield is the (mass of rhamnolipid produced)/(moles of
substrate carbon added).

Applied and Environmental Microbiology


http://aem.asm.org

Fatty Acid Cosubstrates and Rhamnolipid Synthesis

100
80 4
60
40 +

20
4751
|- 4761

503.1

504.2

5291 5311

505.1 \m(532.1

100

80 -

60

40 -

Relative Abundance
1

20 A

4 4752
L4771

503.1

504.1
7

5311
532.2

529.1
505.1

100

450 460 470 480 490 500

503.1

534.4
5463 P473 514
/5482

510 520 530 540 550 560 570
m/z

FIG 3 Negative-ion ESI-LCQ-MS of the monorhamnolipid mixture harvested from P. aeruginosa strain ATCC 9027 grown in 1.25% glucose (a), 1% glucose plus
0.25% octadecanoic acid (b), and 1% glucose plus 0.25% octadecanoic acid-d;; (c).

d,J—H]} " /{[(Rha-C4-Cy)-d;]—H]} ™, and  {[(Rha-C,,-Cy)-
d,s]—H} /{[(Rha-C4-C,y)-d,s]—H} at m/z 475, 476, and 490,
respectively, are shown in Fig. 4a to c. The selection and fragmen-
tation of m/z 475 (Fig. 4a) resulted in five daughter ions at m/z 333,
305, 169, 163, and 141; the ions at m/z 333 and 305 corresponded
to [(Rha-C,,)—H]  and [(Rha-Cg)—H]  resulting from the loss
of the terminal Cg4 and C,, chains, respectively. The [Rha—H] ",
[Cs—H] , and [C,;—H] " chain fragment ions were observed at
m/z 163, 141, and 169, respectively. The relative intensities of the
peaks at m/z 305 and 333 suggest that the Rha-Cg-C,, congener is
about twice as abundant as the Rha-C,,-Cg congener.

The fragmentation of {[(Rha-C,,-Cy)-d;]—H]} /{[(Rha-Cg-
Cio)-d;]—H]}  atm/z476 (Fig. 4b) resulted in six ions at m/z 305,
170, 169, 163, 142, and 141. Although of low signal-to-noise ra-
tios, additional peaks at 334 and 306 were also observed. Ions at
m/z 169 and 170 corresponded to the [C,,—H] and [(C,,-
d;)—H] "~ species, respectively. Similarly, m/z 141 and 142 corre-
sponded to the [C;—H] ™ and [(Cy-d;)—H]  species, respec-
tively. The low-intensity peaks at 305 and 306 are attributed to the
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[(Rha-Cg)—H] and {[(Rha-Cg)-d,]—H}  ions, while at 334,
that is assigned to the corresponding {[(Rha-C,,)-d,]—H]} "~ spe-
cies. The location of the single site of deuteration within the Cg
and C,, chains could not be definitively determined; however, this
single deuterium was incorporated equally into both chains based
on the identical intensity ratios of the m/z 142 to m/z 141 ions for
the [(Cq-d;)—H]  to [Cs—H]  and the m/z 170 to m/z 169 ions
for the [(C,o-d;)—H]  to [C,;—H]  species, respectively.

The fragmentation of {[(Rha-C,,-C)-d,;]—H} /{[(Rha-Cq-
Cio)-d;s]—H} "~ at m/z 490 (Fig. 4c) resulted in five ions at 348,
305, 184, 163, and 141, although the m/z 348 peak was almost
buried in the noise, because the (Rha-C,,-Cg)-d, 5 congener is ex-
pected to be only about half as abundant as the (Rha-C4-C,)-d, 5
congener, as noted above. Also particularly noteworthy about this
spectrum was the absence of a peak at m/z 169 that would be
assigned to the [C,;—H] ™~ ion. The only C,, chain peak observed
was at m/z 184, corresponding to [(C,,-d;5)—H] . Thus, unlike
the {[(Rha-C,(-Cg)-d;]—H]} /{[(Rha-C4-C,()-d,|—H]} " iso-
topologues, in which the single deuterium is incorporated equally
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TABLE 3 Ion assignments, obtained from ESI-LCQ-MS, of monorhamnolipid species produced by strain ATCC 9027 grown in one of three carbon

sources
Observed ion Relative Fragment ions observed

Carbon source Major species observed assignment (m/z)  abundance®  from MS/MS (m/z)

1.25% glucose [(Rha-C,,-Cg)—H] ", [(Rha-C4-C,)—H] ~ 475 7 333, 305, 169, 163, 141
[(Rha-C,,-C,,)—H]~ 503 100 333,169, 163
[(Rha-C,(-C,,))—H] ", [(Rha-C,,,-C;o)—H] ™ 529 10
[(Rha-C,,-C,,)—H] ", [(Rha-C,,-C,,)—H] "~ 531 16

1% glucose plus 0.25% [(Rha-C,,-C¢)—H] ", [(Rha-C¢-C, ) )—H] 475 4

octadecanoic acid [(Rha-C,,-C,)—H] ™ 503 100

[(Rha-C,(-C,,))—H] ", [(Rha-C,,,-C;o)—H] ™ 529 9
[(Rha-C,,-C,,)—H] ", [(Rha-C,,-C,,)—H] "~ 531 16

1% glucose plus 0.25% [(Rha-C,,-Cg)—H] ", [(Rha-C4-C,)—H] ™ 475 9

octadecanoic acid-d;;  {[(Rha-C,,-Cg)-d,]—H} ", {[(Rha-C4-C,)-d,|—H} 476 4 305, 170, 169, 163, 142, 141
{[(Rha-C,-Cy)-d,s]—H} ", {[(Rha-C4-C,)-d, ;] —H} "~ 490 2 305, 184, 163, 141
[(Rha-C,-C,)—H] "~ 503 100
{[(Rha-C,4-C,o)-d,]—H}~ 504 59 340, 334, 333, 170, 169, 163
{[(Rha-C,(-C,,)-d,]—H} "~ 505 36
{[(Rha-C,(-C,o)-d,s]—H}~ 518 53 518, 354, 348, 333, 184,
169, 163
{[(Rha-C,(-C,,)-d,s]|—H}~ 519 42 519, 355, 348, 334, 184,
170, 169, 163

{[(Rha-C,(-Cy)-d,,]—H} "~ 520 20
[(Rha-C,(-C,,.,)—H] ", [(Rha-C,,,-C,,)—H] ™ 529 9
[(Rha-C,(-C,,)—H] ", [(Rha-C,,-C,o)—H]~ 531 22
{{(Rha-C,,-C,,)-d,]—H} ", {[(Rha-C,,-C,,)-d,|—H} "~ 532 15
{[(Rha-C,,-C,,)-d;]—H} ™ 533 26 369, 348, 184, 163
{[(Rha-C,,-C,,)-d5;]—H} "~ 534 23
{[(Rha-Cy¢-Cyp,1)-dys]—H} 7, {[(Rha-Cy,,4-Cyo)-d;s|—H} ™ 544 3
{[(Rha-C,(-C,,)-d;s]—H} ", {[(Rha-C,,-C,y)-d,s]—H} ™ 546 9
{[(Rha-C,(-C,,)-d;]—H}", {[(Rha-C,,-C,,)-d;s] —H} ™ 547 7
{[(Rha-C,,-C,,)-d,,]—H} ", {[(Rha-C,,-C,,)-d,,]—H} " 548 5
{[(Rha-C,(-C,,)-d;5o]—H]} ", {[(Rha-C,,-C,4)-d;3]—H} " 561 3
{[(Rha-C,(-C,,)-d5,]—H}", {[(Rha-C,,-C,,)-d5;]—H} ™~ 562 6

“ Relative abundances have been corrected for the expected contributions of naturally occurring '*C species in the chains.

into both chains, the 15 deuterium atoms are incorporated solely
into the C,, chain. This assertion is substantiated further by the
absence of any ions associated with Cq chains that contain deute-
rium atoms. The only Cg-containing ions observed were the
[Cs—H] ™ at m/z 141 and the [(Rha-Cgq)—H] ™ at m/z 305.

As shown in Fig. 5a, the fragmentation of nondeuterated
[(Rha-C,,-C,,)—H]~ at m/z 503 resulted in four ions at m/z 163,
169, 333, and 339 corresponding to [Rha—H]", [C,,—H],
[(Rha-C,,)—H] ", and [(C,,-C,,)—H] " fragments, the latter ion
resulting from the loss of a neutral rhamnose from the parent ion.
The fragmentation of the deuterated analogue {[(Rha-C,,-C,,)-
d,]—H]} "~ at m/z 504 (Fig. 5b) indicates that the single deuterium
is distributed equally between the two C,, chains as for {[(Rha-
C,0-Cg)-d;]—H]} ", as shown by the equal ion intensity of the
[(Rha-C,,)—H] and {[(Rha-C,,)-d,]—H} ionsatm/z333 and
334, respectively. In addition, peaks at 340, 170, and 169 indicate
the presence of the {[(C,,-C,,)-d;]—H} ", [(C,-d;)—H] , and
[C,;—H]  ions, respectively. One important point to note, how-
ever, is the unequal intensities of the m/z 169 and 170 ions; these
peaks would be expected to be of equal intensities for equal distri-
butions of the single deuterium between the two C,, chains. The
fact that they were not suggests some contribution from the m/z
503 species to this spectrum, which is consistent with mass selec-
tion to only a precision of ~0.5 to 1 mass units in our system.
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The fragmentation of {[(Rha-C,,-C,,)-d,;s;]—H]}~ at m/z 518
(Fig. 5¢) resulted in several ions, the most notable being the m/z
184 species, which is 15 mass units higher than the m/z 169 species.
This species is due to the [(C,,-d;;)—H] " ion; along with the
observation of the [C,;,—H] ™ at m/z 169, its presence clearly in-
dicates the incorporation of the 15 deuterium atoms into a single
C,, chain. These assignments are further supported by observa-
tion of the {[(C,,-C,,)-d;s]—H} " at m/z 354, the {[(Rha-C,,)-
d,s]—H} ™ at m/z 348, and the [(Rha-C,,)—H]~ at m/z 333.

The fragmentation of {[(Rha-C,,-C,,)-d;c]—H]}  at m/z 519
(Fig. 5d) showed the absence of an ion at m/z 185, which would be
expected if [(C,,-d,5)—H]  ions were present, and the presence
of an m/z 170 peak was due to the [(C,,-d,)—H]  ion. These
observations indicate that the 16th deuterium is not incorporated
into the C,,-d; 5 chain but, rather, is incorporated into the second
C,, chain. Peaks at m/z 355, 348, and 334 due to the {[(C,,-C,,)-
dj]—H} ", {[(Rha-C,o)-d,s]—H} ", and {[(Rha-C,,)-d,]—H} -
ions, respectively, further support this conclusion. Also of signif-
icant abundance in this spectrum was a peak at #1/z 169 attributed
to the [C,;—H]  ion; this ion is clearly unexpected for the
{[(Rha-C,,-C,,)-d,;s]—H}  parent ion and suggests some contri-
bution from the m/z 518 species to this spectrum, similar to what
was noted above for the m/z 504 species. Further evidence of a
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contribution from the m1/z 518 species to this spectrum was the pres-
ence of a small peak at 711/z 333 due to the [(Rha-C,,)—H] ™ ion.

The fragmentation of the {[(Rha-C,,-C,,)-d5,]—H]}  ion at
m/z 533 (Fig. 5e) showed the presence of m/z 348 and 369 ions
corresponding to the {[(Rha-C,)-d,s]—H}  and {[(C,,-C,,)-
dso]—H]} " species. The presence of these ions, along with the ab-
sence of an m/z 169 ion, supports the hypothesis that 15 deute-
rium atoms are incorporated into each of the two C,, chains for
the {[(Rha-C,(-C,)-d;p]—H]} " isotopologue.

Finally, the fragmentation behavior of the {[(Rha-C,,-C,,)-
d,,]—H} " was similar to that of the {[(Rha-C,,-C,,)-d,s]|—H} "~
ion, in which 15 deuteriums were incorporated into one C,, chain
and the additional two deuteriums were incorporated into the
second C,, chain (data not shown).

Gene expression studies. The expressions of selected key genes
involved in B-oxidation (fadA, fadD1, fadD2), de novo fatty acid
synthesis (fabHI, fabG), and rhamnolipid biosynthesis (rhlA,
rhIB) were monitored using quantitative reverse transcriptase
PCR (qRT-PCR) to (i) investigate how octadecanoic acid influ-
ences rhamnolipid production and (ii) to look for evidence of a
possible “bypass route” from B-oxidation to de novo fatty acid
synthesis, which is suggested by the deuterium tracer study de-
scribed above. For each gene examined, the expression patterns
for each time point were compared by calculating the RER values
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of the target genes in the control (glucose alone) and octadecanoic
acid (C,5 or C,4-ds5) treatment samples normalized with respect
to the two reference genes, proC and rpoD (equation 1).

Three B-oxidation genes were studied: fadD1, fadD2, and fadA.
For fadD1, the RER values were close to or slightly less than 1.0 in
all growth phases for the C, 4 treatment, indicating the absence of
an octadecanoic acid-induced effect on this gene. The results were
similar for the C,3-d;5 treatment except for an apparent isotopic
effect in the log phase (8 h), at which time the RER of fadD1 was
clearly upregulated in comparison to the nondeuterated treat-
ment (Fig. 6A). Both the C,g and the C,4-d;; treatments showed
similar results for fadD2: a gradual downregulation over the
course of the study resulting in a >2-fold reduction in the RER at
48 h (Fig. 6B). In contrast, the fadA gene was slightly upregulated
in the early phases of growth, and expression increased to a max-
imum at 24 h. Specifically, fadA showed increased RER values in
the log (8 h, 1.4-fold), late log (20 h, 1.6- to 2.0-fold), and early
stationary (24 h, 2.5- to 3.8-fold) growth phases, followed by a
return to RER values of ~1 in the stationary (30 h) and late sta-
tionary (48 h) phases of growth (Fig. 6C). There were no signifi-
cant differences (P > 0.05) in fadA expression levels between the
C,5 and C,4-d;5 treatments.

There was no effect of octadecanoic acid on the expression
of the de novo fatty acid synthesis gene fabHI (Fig. 6D). The
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strain ATCC 9027 grown in 1% glucose plus 0.25% octadecanoic acid-d;.

fabG gene encodes an NADPH-dependent 3-ketoacyl reduc-
tase, which is the enzyme that catalyzes the reduction of B-ke-
toacyl-ACP to B-hydroxyacyl-ACP, which, in turn, is the sub-
strate for RhlA and the precursor for HAA synthesis (9, 32).
The results show that the presence of octadecanoic acid did not
change the fabG RER values at 8 or 20 h in the log or early
stationary phase and that there was an approximate 2-fold re-
duction in the RER values after the stationary phase was
reached, including at 24, 30, and 48 h (Fig. 6E).

For the rhamnolipid biosynthesis genes, the RER values
were close to 1.0 for rhlA and rhiB throughout the log (8 h), late
log (20 h), and early stationary (24 h) growth phases for both
the C,5 and C,5-d;5 treatments, indicating the absence of an
octadecanoic acid-induced effect on rhlA and rhIB expression
during these growth stages (Fig. 6F). However, in the stationary
(30 h) and midstationary (48 h) phases, there were 2- to 3-fold
and 330- to 600-fold increases, respectively, in the RER values
for rhlA in the octadecanoic acid treatments (Fig. 6F). For rhiB,
there was no change at 30 h buta 225- to 290-fold increase at 48
h (Fig. 6G). There were no significant differences (P > 0.05) in
the RER values of either rhlA or rhiB between the C, 5 or C,4-d;5
treatments, confirming the absence of a deuterium-induced
effect on gene expression.
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DISCUSSION

Both de novo fatty acid synthesis and 3-oxidation contribute to
deuterium tracing. Information concerning rhamnolipid biosyn-
thesis has been derived primarily from studies using carbohydrate
carbon sources which require the de novo synthesis of lipid pre-
cursors for the molecule. However, recent studies have suggested a
metabolic link between fatty acid degradation and rhamnolipid
biosynthesis (15, 17), and other studies have shown increased rh-
amnolipid yields in the presence of oils, which contain various
fatty acids (23, 30, 38). Similarly, the results of this study show that
octadecanoic acid as a cosubstrate increased rhamnolipid yield,
and based on these results, we describe a possible physiological
basis for this increase. Specifically, mass spectroscopy results sug-
gest that when a fatty acid cosubstrate is present, de novo fatty acid
synthesis and B-oxidation pathways both contribute lipid precur-
sors for rhamnolipid biosynthesis. This conclusion derives from
the observation that the deuterium distribution in a single rham-
nolipid carbon chain follows one of two patterns. The first pattern
is that a small number of deuterium atoms (1 or 2) are incorpo-
rated into a single carbon chain, e.g., rhamnolipid-d, or -d, con-
geners. The second pattern observed is 15 deuterium atoms incor-
porated into a single carbon chain.
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To explore whether de novo fatty acid synthesis alone could
explain these two patterns, an analysis of the potential C,, isoto-
pologues that could be generated by de novo fatty acid synthesis
was performed, assuming that the C,4-d;5 substrate is first sub-
jected to B-oxidation, and the resulting acetyl-coenzyme A (CoA)
and malonyl-CoA moieties then undergo de novo fatty acid syn-
thesis. This analysis showed that isotopologues ranging from
Cyo-dyto C,o-d, are all possible (see Table S1 in the supplemental
material). This analysis is consistent with the results shown by
mass spectrometry, which identified rhamnolipid isotopologues
ranging from m/z 504 to m/z 508. However, these results suggest
that if only the de novo fatty acid synthesis pathway is used, the
maximum possible number of deuterium atoms that could be
incorporated into one single carbon chain is eight (see Table S1).
Thus, the C,,, isotopologue with 15 deuteriums could not come
from de novo fatty acid synthesis.

We therefore suggest that the second pattern of deuterium in-
corporation, 15 deuterium atoms in a single carbon chain, is ex-
plained by involvement of the B-oxidation pathway. In this case,
we propose that the d, ; unit, C4-d; 5-acyl CoA, which results from
B-oxidation, is recruited into the de novo fatty acid synthesis path-
way by a yet-unidentified 3-ketoacyl-ACP synthase, for example,
a FabH-like enzyme (Fig. 1A, proposed bypass route). This would
allow the Cg-d,s-acyl CoA to be drained directly from the B-
oxidation pathway into de novo fatty acid synthesis, followed by
the addition of malonyl-ACP to produce C,-d, 5 3-ketoacyl-ACP.
This in turn would be converted to C,,-d,; B-hydroxyacyl-ACP,
the substrate recruited by the RhlA enzyme to make HAA and then
rhamnolipid (Fig. 1A). A C,,-d;5; B-hydroxyacyl-ACP could
be synthesized in a similar manner by leaving the C,y-d,5 B-
hydroxyacyl-ACP in the de novo fatty acid synthesis cycle for one
more round. Thus, when examining the synthesized rhamnolipid
congeners, it would be expected that both the Rha-C, -d, ; and the
Rha-C,,-d;; lipid chains would be observed, but there would be
no Rha-Cq-d, 5 lipid chains.

This proposed pathway is supported by examination of the
four major rhamnolipid congeners observed in this study: Rha-
C,0-Cg, Rha-C,,-C,,, Rha-C,y-C,,.;, and Rha-C,,-C,,. In the
presence of octadecanoic acid-d;s, the proposed pathway would
result in the formation of Rha-C,,-C,,-d,s (one chain labeled) or
Rha-C,,-C,y-d5, (both chains labeled), Rha-C,,-C,,.,-d,5s (one
chain labeled) or Rha-C,,-C,,.;-d;, (both chains labeled), and
Rha-C,,-C,,-d;s (one chain labeled) or Rha-C,,-C,,-d;, (both
chains labeled). In contrast, for Rha-Cg-C,, only the Rha-Cg-C, -
d, s would be observed because only the C,, chain can be d; la-
beled. These results are consistent with our mass spectrometry
results (Fig. 3 to 5). We speculate, based on these results, that the
enzyme(s) involved in the “bypass route” has the highest affinity
for the Cg-acyl-CoA B-oxidation intermediate. Hori et al. (15)
recently suggested a different bypass route from 3-oxidation to de
novo synthesis. In their study, fatty acids with C, to C,, carbon
chains were used as growth substrates, and it was proposed that
the bypass works by directly converting the 3-ketoacyl-CoA [3-
oxidation intermediate to a 3-ketoacyl-ACP. The deuterium-trac-
ing results from this study help to clarify, and suggest specifically,
that it is the Cg-acyl-CoA B-oxidation intermediate that is uti-
lized. This is supported by recent evidence showing that P. aerugi-
nosa can directly shunt Cg-acyl-CoA into the fatty acid synthesis
pathway (39).

Gene expression studies of fatty acid degradation genes. Two
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of the three B-oxidation pathway genes tested (fadD1I, fadD2,
fadA) showed expression differences in the C, 4 treatments in com-
parison to treatment with glucose alone. This, combined with the
deuterium tracer results, suggests that these genes serve two pur-
poses when octadecanoic acid is present: first, to process fatty acid
substrates for energy production and cell growth, and second, to
supply fatty acid intermediates for rhamnolipid biosynthesis.
These genes were chosen for analysis based on the hypothesis that
the d, 5 unitis drained directly from the 3-oxidation pathway as an
acyl-CoA intermediate and because it is known that FadD and
FadA are directly involved in the reactions producing acyl-CoA
intermediates that could then be diverted to the de novo fatty acid
synthesis pathway (8).

The fadD gene encodes an acyl-CoA-synthetase which acti-
vates fatty acid substrates for B-oxidation by the addition of co-
enzyme A (Fig. 1). The pathway and associated fad genes for fatty
acid B-oxidation have been well characterized in Escherichia coli,
but less is known about this system in P. aeruginosa. One differ-
ence is that P. aeruginosa has 6- to 8-fold more genes involved in
fatty acid catabolism than does E. coli (36). Pseudomonas aerugi-
nosa has two fadD genes, fadD1 and fadD2, and it has been re-
ported that they can be cotranscribed on a single larger transcript
or as smaller independent transcripts (17). While both genes can
use fatty acid substrates ranging from C, to C,g.,, it has been re-
ported that fadD1 is induced most strongly by C, 4., followed by
C, 0o While fadD2 was induced very strongly by Cs., and C,, fatty
acids (17). The disruption of the fadD2 gene was also shown to
decrease the production of virulence factors, including rhamno-
lipids, suggesting that it is necessary for normal rhamnolipid pro-
duction (17). Our results did not show a significant upregulation
of either the fadD gene in the early stages of growth and actually
showed a pattern of downregulation of the fadD genes over the
course of the study, particularly for fadD2. It is not yet clear why
the fadD2 gene is downregulated in the C,4 treatment but not in
glucose alone in the later stages of growth.

The third B-oxidation pathway gene examined, fadA, encodes
a 3-ketoacyl-CoA thiolase, which participates in 3-oxidation by
catalyzing the removal of acetyl-CoA from 3-ketoacyl-CoA; this
results in a shortening of the parent acyl-CoA by two carbons (Fig.
1) (8). The addition of octadecanoic acid caused a strong increase
in the expression of this gene at 20 and 24 h coinciding with the
early stationary phase (Fig. 2) and the onset of rhamnolipid pro-
duction. By 30 h, this effect had disappeared. The increased ex-
pression of fadA in the early stages of growth suggests that the
addition of octadecanoic acid results in activation of the B-oxida-
tion pathway to provide intermediates for both cell growth and
eventual recruitment into the rhamnolipid biosynthesis pathway.
Further examination of the role of the fadD gene and other B-
oxidation genes is warranted.

Gene expression studies—de novo fatty acid synthesis. Two
genes, fabHI and fabG, involved in de novo fatty acid synthesis
were chosen to begin examining a possible bypass route between
B-oxidation and de novo synthesis (Fig. 1). These genes were cho-
sen to examine whether FabH is involved in catalyzing the con-
densation reaction of malonyl-ACP with the octanoyl-CoA-d,;
intermediate of B-oxidation to form B-ketodecanoyl k-ACP-d, ;.
This would be followed by a reduction reaction catalyzed by FabG
to form B-hydroxydecanoyl-ACP-d,;.

In E. coli, the FabH enzyme catalyzes the condensation of ma-
lonyl-ACP with acetyl-CoA to form B-ketoacyl-ACP, which initi-
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ates de novo fatty acid synthesis (Fig. 5) (31). However, for other
bacteria, e.g., Mycobacterium tuberculosis, FabH catalyzes the con-
densation of longer fatty acyl-CoAs (e.g., octanoyl-CoA) with ma-
lonyl-ACP (42). We hypothesized that in P. aeruginosa, the fabH1
gene might be a candidate to use for examining the diversion of
octanoyl-CoA-d, ; from B-oxidation to de novo fatty acid synthe-
sis. However, octadecanoic acid did not affect the expression of
the fabHI gene in this study. It should be noted that the FabH
homologs in P. aeruginosa have been only tentatively identified;
thus, other FabH homologs need to be investigated for this role in
future studies. A recent paper suggested that FabY, a new class of
B-ketoacyl ACP synthases, can catalyze the initial cycle of fatty
acid synthesis in P. aeruginosa, indicating that other genes encod-
ing a B-ketoacyl ACP synthase may also needed to be investigated
for their roles in rhamnolipid biosynthesis (40).

There was a reduction in the expression of the fabG gene at 20
to 24 h. This suggests that the bypass route does not use FabG to
catalyze the conversion of the B-ketodecanoyl-ACP-d,; to the
B-hydroxydecanoyl-ACP-d,s. However, a consequence of this
downregulation of fabG would be to slow biosynthesis of long-
chain fatty acids, resulting in the accumulation of short-chain
fatty acids that could be used for the synthesis of other molecules
(14). One such molecule is the quorum-sensing signal N-bu-
tanoyl-L-homoserine lactone (C,-HSL), which activates the ex-
pression of the rhIAB operon (16). As discussed below, there is a
large upregulation of this operon in the stationary phase.

Though fabG was downregulated, a FabG-like enzyme activity
is needed to convert 3-ketoacyl-ACP to the B-hydroxyacyl-ACP
substrate for RhlA (Fig. 1). We propose that there must be an
alternative enzyme that has not yet been identified with NADPH-
dependent B-ketoacyl-ACP reductase activity that participates in
supplying the substrate for RhlA when fatty acids are presentin the
medium. As an example, one possibility is RhlG, which has been
reported to be a FabG homologue (4), although several studies
since this report have shown that RhlG is not necessary for rham-
nolipid production (21). The expression of the rhiG gene was
therefore tested, but octadecanoic acid addition reduced the ex-
pression of this gene after 20 h and through the stationary phase
(data not shown). Thus, it is likely that there is another yet-un-
identified enzyme with -ketoacyl-ACP reductase activity that is
used in the bypass route.

Gene expression studies of rhlA and rhIB. Octadecanoic acid
had alarge effect on expressions of the rhlA and rhiB genes begin-
ning at 30 h, suggesting that the enhanced yield of rhamnolipid in
this treatment results, at least in part, from the upregulation of
rhlA and rhiB. One possible mechanism by which rhlA and rhiB
could be upregulated by octadecanoic acid is suggested by recent
work that showed an interaction between long-chain fatty acids,
specifically oleate (C,g.19), and the P. aeruginosa PsrA autore-
pressor (16). This study showed that oleate binds to PsrA, result-
ing in decreased expression of the rpoS gene from the middle-log
to early stationary phase. The rpoS gene encodes a stationary-
phase sigma factor, RpoS, which has been shown to regulate quo-
rum sensing, virulence, and several hundred stationary-phase
genes (34). Of specific interest here is that the decreased expres-
sion of rpoS resulted in an increase in the production of the quo-
rum-sensing signal N-butanoyl-L-homoserine lactone (C,-HSL)
(16), which in turn binds to its transcriptional regulator, RhIR,
and activates the expression of the rhlAB operon (20). Thus, the
observed increase in the RER values of the rhlA and rhiB for the
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C,gand C,4-d;5 treatments may be partly due to a long-chain fatty
acid-induced increase in production of the C,-HSL signal.

In summary, rhamnolipid yields were doubled when octade-
canoic acid was added as a cosubstrate with glucose. The deute-
rium tracer results presented in the current study suggest that
there is a “bypass route” through which an octanoyl-CoA inter-
mediate of B-oxidation is incorporated into rhamnolipids with-
out de novo fatty acid biosynthesis. The bypass route was induced
when octadecanoic acid was added as a cosubstrate, and qRT-PCR
results suggest that production of B-oxidation pathway enzymes,
including FadD2 and FadA, is regulated to generate intermediates
that are then recruited for rhamnolipid biosynthesis. This is the
first demonstration that both de novo fatty acid synthesis and
B-oxidation can provide precursors for rhamnolipid biosynthesis.
An insight from the bypass route is that P. aeruginosa is able to
choose the most efficient way to synthesize rhamnolipids depend-
ing on the substrates present in the growth environment. Thus, in
the presence of octadecanoic acid, P. aeruginosa did not com-
pletely catabolize the fatty acid but rather partially catabolized it
into intermediates of the correct chain length to use in rhamno-
lipid production.
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