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Abstract Rhamnolipids (RLs) produced by the opportu-
nistic human pathogen Pseudomonas aeruginosa are con-
sidered as potential candidates for the next generation of
surfactants. Large-scale production of RLs depends on
progress in strain engineering, medium design, operating
strategies, and purification procedures. In this work, the
rhlAB genes extracted from a mono_RLs_producing strain
of P. aeruginosa (ATCC 9027) were introduced to an
appropriate safety host Pseudomonas putida KT2440. The
capability of the recombinant strain was evaluated in var-
ious media. As a prerequisite for optimal medium design, a
set of 32 experiments was performed in two steps for
screening a number of macro-nutritional compounds. In the
experiments, a two-level fractional factorial design reso-
lution IV was followed by a two-level full factorial one. By
means of this approach, it was observed that glycerol, yeast
extract, and peptone have significant positive influence on
recombinant RLs production while the yeast extract/pep-
tone two-factor and glycerol/yeast extract/peptone three-
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factor interactions have considerable negative effects. A
wide range of variation from O to 570 mg/l was obtained
for RLs production during the screening experiments
indicating the importance of medium optimization. The
results point out the opportunity for possible higher yields
of RLs through further screening, mixture/combined mix-
ture designs, and high-cell-density cultivations.

Keywords Heterologous rhamnolipids production -
Pseudomonas aeruginosa ATCC 9027 -
Pseudomonas putida KT2440 - Transformation -
Experimental screening design - Two-level factorial
design

Introduction

Rhamnolipids (RLs), an interesting group of useful
microbial products, have been extensively studied as the
next generation of surfactants in recent years. They are one
of the most useful biosurfactants with a wide range of
applications from industry, agriculture, oil recovery, and
soil/water remediation to personal care and medicine [1-3].
RLs are surface active anionic glycolipids containing
L-(4)-rhamnose (hydrophilic part) and B-hydroxyalkanoic
acids (hydrophobic part) moieties [4]. Based on the number
of rhamnose molecules (one or two), RLs are categorized
into two main groups: mono-RLs and di-RLs. They are
exoproducts mainly produced by a number of gram-nega-
tive bacteria, such as Pseudomonas sp., Burkholderia sp.,
Thermus  thermophilus, Acinetobacter calcoaceticus,
Enterobacter sp. [4-T7]. Relatively high RLs productivities
(i.e., 16.67 mg/l/h from sunflower oil) have been mainly
reported using well-studied opportunistic human pathogen
Pseudomonas aeruginosa [8].
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RLs have received considerable attention from two
points of view. First, RLs as well as pyocyanin, cyanide,
and lipase are virulence factors resulting in pathogenesis of
P. aeruginosa. Their production is regulated by complex
quorum sensing systems (cell population density-depen-
dent regulatory systems) at both transcriptional and trans-
lational levels [9—-11]. Second, RLs are known as natural
biosurfactants of great commercial interest with various
applications and high industrial potential. They are low
toxic and biodegradable organic molecules with potent
surface tension-reducing and emulsifying activities as well
as admirable detergency along with wonderful foaming
properties [1]. They have bioactive functionalities and
antimicrobial and antiviral effects [12]. Due to these
properties, RLs are target of investigation for a wide range
of potential markets [2, 3].

Biosynthesis of RLs includes the following two princi-
ple steps:

(1) Synthesis of the relevant precursors, which are
dTDP-L-thamnose (stemmed from bD-glucose-6-
phosphate), and 3-(3-hydroxyalkanoyloxy) alkanoate
(HAA) resulted from Acetyl-CoA through fatty acid
de novo synthesis. The enzyme responsible for con-
densation of two activated B-hydroxy fatty acids
and formation of HAA is RhIA (rthamnosyltransfer-
ase A).

(2) Assembling of the two precursors (dTDP-L-rhamnose
and HAA) by RhIB (rhamnosyltransferase B) gene
and formation of mono-RL molecules.

The mentioned genes are both organized in a single
operon named rhlAB and co-expressed from the same
promoter [1, 4, 13, 14].

Another rhamnosyltransferase called RAIC, which is
present in genome of the most P. aeruginosa sp., is
responsible for di-RL biosynthesis via additional rhamno-
syl transfer with dTDP-L-rhamnose.

Since most of high RLs producers are opportunistic
human pathogens, for large-scale RLs production and
commercialization, an appropriate alternative would be the
application of nonpathogenic microorganisms; particularly
the ones potentially able to produce the main precursors of
RLs due to their metabolic versatility.

Based on their significant characteristics, Pseudomonas
putida and its related subspecies have drawn the research-
ers’ attention as proficient cell factories for production of
various valuable bioproducts [15]. Moreover, it was dem-
onstrated that P. putida KT2440 can tolerate high concen-
trations of RLs (>90 g/l) [14]. This fact makes P. putida
KT2440 an appropriate host for potential high-RLs-yield
bioprocesses.

Considerable studies have been conducted on heterolo-
gous RLs production in P. putida species. Ochsner et al.
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[16] studied the expression of cloned rhl/AB rhamnosyl-
transferase genes in a number of heterologous hosts using
two different constructs (pUO101 and pUO98). They
achieved the highest yield of 0.6 g/l RLs in a recombinant
P. putida strain KT2442 carrying the plasmid pUO98
cultivated in Luria—Bertani medium supplemented with
1 % glucose [16]. Using molecular cloning of P. aeru-
ginosa EMS1 rhlAB genes with the quorum-sensing sys-
tem-relevant genes (rh/RI) via easy vector pPGEM-T, Cha
et al. [17] investigated the heterologous RLs production in
a strain of P. putida. They could produce up to 7.3 g/l RLs
utilizing soybean oil as carbon source. Employing P. put-
ida KT42C1 pVLT31_rhlAB (an engineered strain of
KT2440 in which polyhydroxyalkanoate formation as
competing pathway has been removed), Wittgens et al. [14]
could increase the yield of RLs from 0.22 to 1.5 g/l in
Luria—Bertani medium supplemented with 1 % glucose.
They achieved the highest yet reported conversion rate
(0.15 g/g) of recombinant RLs production with water-sol-
uble substrates [2, 14]. Heterologous production of RLs
entails other considerable advantages; for instance, dis-
connecting the RLs biosynthesis from the complex quo-
rum-sensing regulation [14, 16]. This property leads to
more controllable RLs bioprocesses as well as less difficult
and costly product purification.

To produce RLs in large-scale, the same as other valuable
secondary metabolites, developments in various fields such
as strain engineering, medium design, optimal operating
strategies, and purification procedures are required [2, 3].
Optimization of the culture medium is an important part for
fermentative bioprocess development [18-22]. The pre-
liminary step to achieve optimal process performance is to
screen and evaluate the nutritional compounds influencing
the biosynthesis of the desired product. Statistical approa-
ches for multivariate design of experiments (DoEs) provide
an ingenious style for designing of the most appropriate
cultivation medium [18]. Plackett—-Burman design and two-
level fractional factorial design are two of the most widely
applied approaches to screen the critical medium compo-
nents with the significant effects on the production of bio-
chemicals of interest. The first one is a suitable approach for
detection of the significant factors without examination of
the interactions. The second approach can check up the main
effects along with the two-factor interactions (resolution V).
The design is orthogonal and therefore can gives pure effect
of every single factor not confounded with the interactions
[18, 21, 23]. Despite lowering the number of the required
experiments, using lower resolution IV, the two-factor
interactions may aliased with each other. However, since the
resolution I'V clearly examines the main effects, it is a proper
choice for initial screening design for systems with high
numbers of variables. Insight gained from the initial
screening helps us to reduce the number of factors that must
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be taken into account. Hence, it enables us to utilize higher
resolutions or even full factorial screening sets of experi-
ments as the complementary steps to identify the most
effective compounds and to study the effects of their inter-
actions on the objective of interest.

In this work, in order to study the feasibility of recombi-
nant production of RLs, the genes responsible for mono-RLs
production (promoterless rhlAB genes) in P. aeruginosa
ATCC 9027 (PTCC 1074) were cloned in pVLT33 broad-
host-range expression vector and the construct (pVLT33—
rhlAB) was transferred to P. putida KT2440. The heterolo-
gous production of RLs by the engineered strain in a number
of cultivation media was examined. Afterwards, as the pre-
liminary step for optimal medium design, a set of experi-
ments was performed in two steps for screening compounds
such as different sources of carbon, nitrogen, and phosphate.
As mentioned before, in the experiments, a two-level frac-
tional factorial design resolution IV was followed by a two-
level full factorial one. Employing the two-step procedure,
the compounds with significant positive influences on RLs
production as well as the effects of the two- and three-factor
interactions were revealed.

Materials and Methods
Strains and Plasmids

Pseudomonas aeruginosa ATCC 9027 was utilized for
extraction of rhlAB genes. This strain as a mono-RLs-
producing member of Pseudomonas sp. has been widely
studied [24-26] and its produced congeners of mono-RLs
have been systematically surveyed [27]. According to
Lebron-Paler’s [27] studies, P. aeruginosa ATCC 9027
produces a significantly higher number of mono-RL
homologs in comparison to other studied species. Using
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HPLC, mass spectrometry, and NMR spectroscopy, the
structural characterization of up to 30 identified mono-RL
congeners produced by this strain was determined. Also, it
was shown that the species with molecular weight (MW)
504 constitute about 82 % of the produced RL compounds
[27, 28]. Figure 1 illustrates the chemical structures of
these types of identified mono-RL congeners [27].

Escherichia coli BL21DE3 was used as the host strain
for maintenance of the plasmids. P. putida KT2440 (DSM
6125) was employed as the host for the heterologous pro-
duction of P. aeruginosa RLs. All strains were grown in
Lennox Broth (LB: 10 g/l peptone, 5 g/l yeast extract, and
5 g/l NaCl) liquid medium or on LB agar plates.

pVLT33 plasmid was employed for cloning of rhiAB
genes. It is a lacl?/Ptac-based broad-host-range plasmid
encoding kanamycin resistance gene. The vector is derived
from the basic plasmid pMMB207. pVLT33 plasmid per-
mits the construction of gram-negative strains with condi-
tional phenotypes depending upon IPTG (isopropyl-B-p-1-
thiogalactopyranoside) addition to the medium [29]. It was
provided by Professor Victor de Lorenzo, Centro Nacional
de Biotecnologia, CSIC Madrid 28049, Spain. The con-
struction scheme of pVLT33 plasmid is shown in Fig. 2.

Rhamnolipids Identification and Quantification

A large number of analytical techniques have been devel-
oped for identification and quantification of RLs [30]. Two
simple colorimetric methods: cetyltrimethylammonium
bromide (CTAB) agar test [31, 32] and orcinol assay [33]
were employed to detect production of RLs by P. aeru-
ginosa ATCC 9027 and the recombinant P. putida,
respectively. Moreover, thin layer chromatography (TLC)
was used to confirm the production of heterologous RLs by
the recombinant P. putida.

OH
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Fig. 1 Chemical structures of the dominant mono-RL congeners produced by P. aeruginosa ATCC 9027 [27]
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Fig. 2 Construction scheme of pVLT33 plasmid

CTAB Agar Test

CTAB agar test is a semiquantitative agar plate technique
proposed by Siegmund and Wagner [31] for detection of
RLs as a group of anionic extracellular biosurfactants. This
method is stemmed from formation of an insoluble ion pair
of anionic tenside with the cationic surfactant CTAB and
the basic dye methylene blue included in mineral agar
plates (MB). In this method, dark blue halos are formed
around the colonies of RLs productive microorganisms and
the spot diameters depend on RLs concentrations [30, 31].

Orcinol Assay

The orcinol assay is based on the reaction of the rhamnose
moiety of RL molecules with colored chemical compound
(orcinol) in the presence of a strong acid (sulfuric acid) at
high temperatures (above 80 °C) leading to formation of a
dye which can be quantified by absorbance measurements
at 421 nm [33-35] or 404 nm (this study). This method has
been introduced in [33]. The detailed procedure for
extraction of the samples and subsequently, the orcinol
analysis is also available in [34, 35]. The procedure can be
briefly explained as follows: RLs molecules of 400 pl of
supernatant were extracted twice with diethyl ether (750 pl
for each time) and transferred to a microtube. The ether
fractions were pooled and left to evaporate in air for a
while up to dryness. 400 pl of pH 8 phosphate buffer was
utilized to redissolve the participant left in the microtube.
900 pl of a solution containing 0.19 % orcinol (in 53 %
H,SO,4) was added to 100 pl of each sample. The samples
were heated at high temperature (for instance, in a floating
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rack in boiling water) for 20 min and left to be cooled in a
dark cupboard for 35 min at room temperature. The optical
density as a representative of L-(4)-rhamnose concentra-
tion in the sample was measured at 421 nm [34, 35] or
404 nm (this study). This method as an effective and
simple analysis approach has been widely utilized by var-
ious research groups using different protocols for quanti-
fication of RLs [30].

For quantification of RLs, firstly, a standard curve
should be prepared to correlate the L-(4)-rhamnose con-
centrations in defined rhamnose solutions with the relevant
values for optical density. The standard curve was prepared
for 404 nm using defined L-(+)-rhamnose solutions in pH 8
phosphate buffer according to the method mentioned in
[35]. Direct measurement of rhamnose concentrations in
broth samples was conducted employing the method of
extraction presented in [35]. It should be mentioned that in
this study, the orcinol assay was also used for detection of
heterologous RLs production and the capabilities of the
recombinant P. putida for RLs production in a number of
cultivation media.

Thin Layer Chromatography

Since the orcinol assay confirms only the excretion of the
reducing saccharide (rhamnose) into the medium, TLC was
also used to demonstrate the production and secretion of the
heterologous glycolipids. The method described in [14] for
extraction by diethyl ether was used to extract samples of
dried RLs. They were dissolved in 10 pl ethanol and 5 pl of
the solutions were spotted on a silica gel TLC plate (Merck,
Germany). Also, a sample of an aqueous solution of con-
centrated crude RLs (containing mostly mono-RLs and a
little di-RLs) produced by P. aeruginosa sp. (provided by
Professor Ibrahim Banat, School of Biomedical Sciences,
University of Ulster, County Londonderry, Northern Ire-
land, to Research Institute of Petroleum Industry, Tehran,
Iran) was prepared. The extracted dried RLs from the
mentioned aqueous solution were also dissolved in 10 pl
ethanol and 5 pl of the solution was spotted on the plate. The
running buffer used for this experiment was a solution of
chloroform, methanol, and acetic acid with 65:15:2 ratios.
After running, an orcinol detection agent (containing 0.15 g
orcinol, 8.2 ml sulfuric acid (60 %), and 42 ml deionized
water) was used to visualize the RLs. The dried plate was
incubated at 90 °C for 20 min in order to observe the red-
brown spots of RLs.

Observation of RLs Production by P. aeruginosa
ATCC 9027

In order to determine the RLs production by P. aeruginosa
ATCC 9027, CTAB agar test was used. The medium for
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preparation of the RLs-detection agar plates contained (per
liter): 20 g glycerol, 0.7 g KH,PO4, 0.9 g Na,HPO4, 2 g
NaNO;, 0.4 g MgSO,4-7H,0, 0.1 g CaCl,-2H,0, 0.2 g
CTAB, 0.005 g MB, 12 g microbial agar, and 2 ml of a
trace element solution with the following composition (per
liter): 2 g FeSO47H0, 1.5 g MnSO4,0, and 0.6 g
(NH4)¢Mo070,4-4H,0 [31, 32]. Five wells in each plate
were prepared for different volumes of inoculums and an
additional one for prior medium as negative control. In this
part of study, firstly, four different volumes (25, 50, 75, and
100 pl) of the solution of the mentioned concentrated crude
RLs were used as positive controls for testing the method
and observation of the appeared dark blue halos. The
aqueous solutions of the crude RLs were added to the
plates and the plates were incubated at 37 °C for 48 h.
After that, the plates were stored in the refrigerator for at
least 24 h [31, 32]. This procedure was repeated for the P.
aeruginosa ATCC 9027 culture as follows: different vol-
umes (25, 50, 75, and 100 pl) of overnight-grown pre-
cultures of P. aeruginosa ATCC 9027 in LB medium were
added to the wells of the agar plates, and a 100 pl of the
fresh LB was also added to the central well as negative
control. The similarity of the dark blue halos resulted from
the culture and those from the crude RLs solution would
confirm RLs production by P. aeruginosa ATCC 9027 and
the function of this strain’s rhiIAB.

Cloning of rhlIAB Genes

Total DNA of P. aeruginosa ATCC 9027 was extracted by
CTAB method [36] and served as template for the poly-
merase chain reaction (PCR) amplification of rhlIAB with
forward primer 5-TTGAATTCATGCGGCGCGAAAGTC
TGTT-3’ and reverse primer 5'-TTTTAAGCTTTCAGGA
CGCAGCCTTCAGCC-3'. PCR of rhlAB was performed
with Pfu-Taq polymerase (Fermentas). The PCR product
was digested by EcoRI and HindIll, and subsequently
ligated into the EcoRI/HindIlI sites of pVLT33 in order to
generate the pVLT33—rhlAB construct. This construct was
then used to transform E. coli BL21DE3. Transformation
was done by electroporation with a Gene Pulser apparatus
(Bio-Rad) according to the manufacturer’s specifications.
Cells were plated on LB agar containing kanamycin
(50 mg/l). Plates were incubated at 37 °C overnight. Indi-
vidual colonies were transferred to 5 ml LB medium con-
taining kanamycin (50 mg/l) for 24 h. To confirm plasmid
existence, colony PCR and digestion by the same restric-
tion enzymes (EcoRI and HindIIl) was done and the band
of interest (2.23 kb) was observed on 1 % agarose gel.
Transformation of P. putida was done using electropora-
tion method. Also, plasmid insertion was verified by DNA
sequencing (Macrogen company, Korea).

Identification of RLs Production by P. putida KT2440

The first step after confirmation of the transformation was
to prove the heterologous RLs production in a typical
medium such as LB. An experiment was set up to study
RLs production by the recombinant P. putida strain
induced by two IPTG concentrations (0.4 and 1.2 mM).
The following two cultivation media were chosen for this
aim:

— Complex medium 1: LB (5_day cultivation).
— Complex medium 2: LB supplemented with 20 g/l
glucose (5_day cultivation).

Cultures of 100 ml complex media in 250 ml Erlen-
meyer flasks were inoculated with 500 pl of overnight-
grown precultures and incubated in a shaker incubator at
28 °C and 170 rpm for 5 days. Kanamycin (50 mg/L) and
IPTG were added to the media before incubation. The
wild-type strain as well as non-induced recombinant one
was also cultivated as negative controls for comparison.
After 120 h, cells were harvested (by centrifugation at
5,000xg for 20 min) and supernatants were utilized for
extraction and identification of RLs via TLC and orcinol
assay. Using an oven, the harvested biomass pellets were
dried at 50 °C in order to measure the dry total biomass.

After confirmation, as the second step, a number of
cultivation media (mostly the mineral ones) were checked
regarding the capability of the recombinant P. putida for
RLs production. Since one of the common and practical
protocols for heterologous production of valuable bio-
products such as recombinant proteins, is to grow cultures
to intermediate or high densities followed by induction of
product formation [37], the media were chosen concerning
the feasibility of achievement of high-cell-density culti-
vations (HCDC) of P. putida [38, 39]. It should be noted
that in this step the main objective was just to investigate
the possibility of product formation in each considered
medium. HCDC and optimization of the medium compo-
sition as well as the operating policies were not regarded
for the current study. With regards to each medium, cul-
tures of 100 ml media in 250 ml Erlenmeyer flasks were
inoculated with 500 pl from a starter culture and incubated
at 28 °C and 170 rpm for 5 days. Kanamycin (50 mg/L)
and IPTG were added to the media before incubation. The
associated cultures of non-induced recombinant strain were
also cultivated as negative controls for comparison. The
following media were examined to check in which medium
RLs production is possible in a detectable manner:

— Mineral solution 1 contained (per liter): 10 g glucose,
3.0 g (NH4)2$O4, 3.32 g NazHPO4'12H20, 0.83 g
KH,PO,4, 0.2 g MgS04-7H,0, 20 mg FeSO4-7H,0,
10 mg CaCl,, and 1 ml of trace element 1. The trace
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element 1 composition was: 0.3 H;BO;, 0.2¢g
CoCl,-6H,0, 0.1 g ZnSO,4-7H,0, 30 mg MnCl,-4H,0,
30 mg Na,MoO,4-2H,0, 20 mg NiCl,-6H,0, 10 mg
CuS04-5H,0 per liter of 0.1 N HCI [38] (5_day
cultivation).

— Dual cultivation media: In addition to the above media,
inspired by the protocols for high-cell-density expres-
sion methods presented in [40], another case study was
considered. The proposed method potentially enables
us to achieve HCDC and high product yields with
normal laboratory settings using shaking flasks and
does not require fermenters. The method begins cell
cultivation in rich (complex) media to enhance initial
cell density before IPTG-induction. After the cells
reach a significant ODgq value, while they are still in
their exponential growing phase, they are switched into
the same volume of mineral/minimal media. 1.0-1.5 h
later, they are induced with IPTG for production of the
desired biomolecules. Based on this method, LB was
chosen as the preliminary rich medium for initial cell
growth, and the mineral solution 1 was chosen as the
producing medium. It should be noted that for this case,
cells were grown in 100 ml LB for 1 day and then
harvested and transferred to 100 ml of mineral solution
1 and incubated for 5 days. After 1.5 h of medium
switching, IPTG was added to the mineral medium for
induction. Both the rich and the mineral media contain
50 mg/l kanamycin.

Regarding the importance of glycerol as a renewable
water-soluble feedstock and an appropriate carbon source
for RLs biosynthesis [3], it is utilized in the following
media:

— Mixture medium (120 ml): Inspired by the dual culti-
vation media, a new medium was designed which is a
blend of LB, the mineral solution 1 and glycerol. The
medium contained: 47.5 volume % LB, 47.5 volume %
mineral solution 1, and 5 volume % aqueous solution
of 150 g/l glycerol (the final glycerol concentration was
7.5 g/l in the medium).

After 5 days, cells were harvested (by centrifugation at
5,000xg for 20 min) and supernatants were used for
extraction and identification of RLs.

Experimental Design and Evaluation

As a prerequisite to achieve optimal RLs biosynthesis per-
formance, a screening based on a two-step factorial design
(a two-level fractional factorial design resolution IV fol-
lowed by a full factorial one) was set up. The initial two-
level fractional factorial design resolution IV was applied
for eight different factors including carbon (glycerol and

@ Springer

sunflower oil), nitrogen (NH4NO3;, NaNOs, peptone, and
yeast extract), and phosphate (Na,HPO, and KH,PO,)
macro-nutritional compounds while the full factorial one
was applied for the most considerable factors resulted from
the initial step. Glycerol as a water-soluble carbon source
and sunflower oil as a hydrophobic one were selected due to
their extent utilization in RLs production [3]. As the initial
screening test, resolution IV was chosen to detect the sig-
nificant factors affecting the RLs production. Also, it would
be possible to gain suitable insights for further screening
and mixture designs from two-factor interactions in spite of
probable confounds. Based on the initial tests, the most
significant factors were determined. The second screening
step was applied for these factors in order to thoroughly
study the effects of each individual factor in addition to two-
and three-factor interactions. The software package of
Design Expert version 7.1.5 (State Ease Inc.) was employed
to perform the experimental design and statistical analysis.
According to the first step of the experimental design, 16
different medium compositions were prepared. The macro-
nutritional factors were supplemented to the media in two
levels of concentration (high or low). Table 1 represents the
two concentration levels considered for each variable fac-
tor. These quantities are chosen based on the magnitude of
each component concentration in LB medium or M9 min-
imal medium. The layout of the two-level fractional facto-
rial design is illustrated in Table 2. It should be noted that to
all the 16 media, the same micro-nutritional compounds
with the same concentrations (0.2 g MgSQO,4-7H,0, 10 mg
CaCl,, and 1 ml of trace element 1 per liter of the medium)
were added. Cultures of 100 ml media in 250 ml Erlen-
meyer flasks were inoculated with 500 pl of overnight-
grown precultures and incubated in a shaker incubator at
28 °C and 170 rpm for 7 days. Kanamycin (50 mg/l) and
IPTG (0.4 mM) were added to the media before incubation.
After 7 days, cells were harvested (by centrifugation at
5,000xg for 20 min) and supernatants were used for
extraction and measurement of RLs. At least four samples
for each case were analyzed and the mean values of the

Table 1 Concentrations of macro-nutritional factors in the media
according to the screening design

Factor no. Design variable Low level High level
factors (%ow/v) (%ow/v)
1 Peptone 0.0 1.0
2 Yeast extract 0.0 0.5
3 NH4NO; 0.0 0.5
4 NaNO; 0.0 0.5
5 Na,HPO,-12H,0 0.0 1.2
6 KH,PO, 0.0 0.3
7 Glycerol 0.0 1.0
8 Sunflower oil 0.0 1.0
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Table 2 Two-level fractional factorial design (resolution IV) for the 8 factors (16 testing media)

Media no. Peptone Yeast extract NH4NO;3 NaNO; Na,HPO,-12H,O KH,PO, Glycerol Sunflower
(%ow/v) (%ow/v) (%ow/v) (%ow/v) (%ow/v) (%ow/v) (%ow/v) oil (%w/v)

1 0.0 0.5 0.5 0.0 0.0 0.0 1.0 1.0

2 0.0 0.5 0.0 0.5 1.2 0.0 1.0 0.0

3 0.0 0.5 0.0 0.0 1.2 0.3 0.0 1.0

4 1.0 0.5 0.5 0.0 1.2 0.0 0.0 0.0

5 1.0 0.5 0.5 0.5 1.2 0.3 1.0 1.0

6 1.0 0.0 0.5 0.0 0.0 0.3 0.0 1.0

7 0.0 0.0 0.5 0.0 1.2 0.3 1.0 0.0

8 0.0 0.0 0.5 0.5 1.2 0.0 0.0 1.0

9 1.0 0.0 0.0 0.0 1.2 0.0 1.0 1.0

10 1.0 0.5 0.0 0.5 0.0 0.0 0.0 1.0

11 1.0 0.0 0.0 0.5 1.2 0.3 0.0 0.0

12 1.0 0.5 0.0 0.0 0.0 0.3 1.0 0.0

13 0.0 0.5 0.5 0.5 0.0 0.3 0.0 0.0

14 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

15 1.0 0.0 0.5 0.5 0.0 0.0 1.0 0.0

16 0.0 0.0 0.0 0.5 0.0 0.3 1.0 1.0

responses were applied for statistical analysis. Using an
oven, the harvested biomass pellets were dried at 50 °C in
order to measure the dry total biomass.

Based on the results obtained from the first screening,
the most considerable compounds were selected for the
second screening set of experiments. The conditions of the
second set were similar to those of the first one, except for
the initial IPTG concentration. In order to examine whether
or not the increase of IPTG concentration from 0.4 to
1.2 mM had significant effect on the results, it was con-
sidered to be 1.2 mM in the second set of experiments.

Results

Observation of RLs Production by P. aeruginosa
ATCC 9027

The normal and UV-transilluminated pictures of agar plates
supplemented with concentrated crude RLs are shown in
Fig. 3a, b. It is observable that the area of the halos depends
on the amount of RLs [31, 32]. Also, Fig. 4a, b illustrates
the normal and UV-transilluminated pictures of agar plates
inoculated with P. aeruginosa ATCC 9027. The dark halos
appeared around the wells indicate the function of the rhIAB
genes and the ability of this strain for RLs production.

Cloning of rhlAB Genes

rhlA and rhlB are arranged as an operon and are clustered
with rhlR and rhil. Since rhlAB operon promoter is under

the control of the rhlR and rhll gene products, we
attempted to achieve heterologous RL production in the
host P. putida KT2440 by molecular cloning of just rhlAB
rhamnosyltransferase genes. Using pVLT33 vector enables
their expression by IPTG-induction. This fact helps us to
avoid the complexity of quorum sensing and to get close to
a more controllable biosynthesis processes. The expected
bands of rhlAB by PCR of extracted P. aeruginosa DNA
were detected on agarose gel 1 % (two samples represented
in Fig. 5). The pVLT33-rhIAB construct is schematically
shown in Fig. 6. The expected bands of rhlIAB by colony
PCR of E. coli BL21DE3 (Fig. 7) were also detected on
agarose gel 1 %.

In order to confirm pVLT33-rhlAB sequence, the
recombinant plasmid was extracted from P. putida KT2440
and sent to Macrogen company, Korea for sequencing. The
sequence was aligned with BLAST database of NBCI. It
has a complete identity with rhamnosyltransferase (rhIAB)
genes sequence.

Identification of RLs Production by P. putida KT2440

First of all, using standard aqueous solutions of L-(+)-
rhamnose (10, 20, 40, 80, 100, 120, 160, and 200 mg/l), a
survey has been conducted for selection of the best wave
length regarding orcinol assay. Figure 8 depicts the results
of survey for two samples (100 and 200 mg/l rhamnose).
Due to the more significant differences between the optical
densities of the samples at 404 nm, this wave length was
chosen and a calibration curve (linear correlation) was
prepared (Fig. 9). The data points shown are the average of
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Fig. 3 Normal (a) and UV-transilluminated (b) pictures of agar
plates supplemented with concentrated crude RLs solutions

two samples. Based on the prepared calibration (standard)
curve, the concentrations of the produced RLs in the
mentioned media were determined. Table 3 presents the
amounts of dry total biomass as well as RLs produced in
the first two complex media.

According to Table 3, increase of IPTG concentration
from 0.4 to 1.2 mM led to approximately 10 % increase of
RLs formation. This indicates the effectiveness of the
construct in the host P. putida KT2440 as well as the
successful expression and the function of rhlAB genes.
Also, the positive effect of glucose addition on increase of
biomass yield and subsequently, rise of RLs production is
obviously comprehensible. Adding 20 g/l glucose to the
LB medium resulted in about 90 % increase of biomass
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Fig. 4 Normal (a) and UV-transilluminated (b) pictures of agar
plates inoculated with P. aeruginosa ATCC 9027

and RLs production. This fact points out the importance of
utilization of carbon sources in RLs biosynthesis even
when rich media are utilized.

The detection of RLs by TLC was conducted as previ-
ously described. For this purpose, four samples were pre-
pared from the complex media cultures of the non-induced
recombinant (negative control) as well as the induced
recombinant P. putida KT2440 and the aqueous solution of
concentrated crude RLs (positive control). Figure 10
depicts the results of TLC for the four samples. These
results confirmed that the recombinant strain P. putida
KT2440 pVLT33_rhIAB is able to produce mono-RLs.
After the confirmation, it was time to examine the abilities
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Fig. 5 The expected bands of rhl/AB by PCR of extracted P.
aeruginosa (ATCC 9027) DNA
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Fig. 6 Construction scheme of the construct pVLT33-rhIAB

of the recombinant strain for production of RLs in other
cultivation media.

The amounts of RLs secreted in the second set of cul-
tivation media are listed in Table 4.

According to the results shown in Table 4, no detectable
RLs production occurred using the mineral solution 1.
Despite the fact that this medium is potentially consider-
able for achievement of P. putida HCDC and high poly-
hydroxyalkanoates (PHAs) production, it is not individu-
ally a good choice for heterologous RLs production. The
reason is that (NH4),SO, might not be an appropriate

Fig. 7 The expected bands of rh/AB by colony PCR of transformed
E. coli BL21DE3 and P. aeruginosa (ATCC 9027)
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Fig. 8 Optical density survey for two samples of 100 and 200 mg/1
rhamnose solutions
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Fig. 9 Standard curve (linear correlation) for correlating ODy,g4 and
rhamnose concentration using orcinol assay

nitrogen source for simultaneous biomass and RLs for-

mation. Using a complex medium at the first stage of dual
cultivation method, might provide the opportunity for
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Table 3 The amounts of dry total biomass, OD4g4 values, and the concentrations of produced RLs in complex media 1 and 2

Strain Media IPTG Dry total ODyp4* Rhamnose RLs concentration
concentration biomass concentration (mg/l)b
(mM) (g (mg/)
Wild-type P. putida KT2440 LB + 20 g/l glucose 0.0 1.3 - No detectable No detectable
Recombinant P. putida KT2440 LB 0.0 1.1 - No detectable No detectable
Recombinant P. putida KT2440 LB 0.4 1.04 0.311 72 222
Recombinant P. putida KT2440 LB 1.2 1.0 0.346 80 247
Recombinant P. putida KT2440 LB + 20 g/l glucose 0.0 1.87 - No detectable No detectable
Recombinant P. putida KT2440 LB + 20 g/l glucose 0.4 2.38 0.593 138 425
Recombinant P. putida KT2440 LB + 20 g/l glucose 1.2 2.28 0.653 152 468

% The reported values are the average of at least two samples

® The values were estimated based on the ratio of the molecular weights of the predominant mono-RLs (504) to rhamnose (164.16)

formation of requisite precursors and help the cells to be
prepared for production of such secondary metabolites. The
result stemmed from the mixture medium indicates that it
is possible to simultaneously utilize mixtures of complex
and mineral media instead of dual cultivation systems.
Both the dual cultivation system and mixture medium
prepare considerable opportunities for further develop-
ments in heterologous biosynthesis of valuable secondary
metabolites.

Inspired by the obtained results, the screening design
was conducted using the components of LB and M9 min-
eral media.

Experimental Design and Analysis

The First Screening Step: Two-Level Fractional Factorial
Design Resolution IV

After demonstration of the capability of the recombinant P.
putida strain for RLs production, the screening set of
experiments was implemented. The estimated amounts of
RLs produced (mean =+ standard deviation) as well as the
dry total biomass formed in the media is illustrated in
Table 5.

The responses listed in Table 5 showed the discrepancy
from 0 (medium no. 8) to 0.788 (medium no. 12) of
measured ODyg4 and 0 to 565 mg/l of estimated RLs pro-
duction. The discrepancy indicates the critical role of
medium composition in RLs biosynthetic performance.
Also, the variation makes the statistical analysis easy and
reliable. The highest levels of produced RLs were related
to medium no. 5 and medium no. 12. Medium no. 5 con-
tained the high levels of all the components (leading to the
highest biomass yield) while medium no. 12 contained only
four of them (leading to the highest RLs yield). A primary
comparison results in identification of the effectiveness of
some macro-nutritional compounds such as peptone, yeast
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Fig. 10 Thin layer chromatography of RLs

extract, and glycerol. For factor analysis, the responses
(ODy4o4 and dry total biomass) were introduced to Design
Expert software package. According to the responses,
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Table 4 OD,, values and the produced RLs concentrations in the second set of cultivation media

Media IPTG concentration (mM) ODyo4" Rhamnose concentration (mg/l) RLs concentration (mg/l)b
Mineral solution 1 1.0 - No detectable No detectable

Dual cultivation 1.0 0.221 51 157

Mixture medium 1.0 0.327 76 234

? The reported values are the average of at least two samples

° The values were estimated based on the ratio of the molecular weights of the predominant mono-RLs (504) to rhamnose (164.16)

Table 5 The amounts of dry

. Media no. Dry total biomass ODyo4" Rhamnose concentration RLs concentration
total biomass, OD,o4 values, (/) (mg/l) (m /l)b
and the concentrations of & & &
produced RLs in the initial 16 1 2.01 0.585 £ 0.078 136 + 18 419 + 56
screening-designed media
2 2.63 0.687 £ 0.036 160 + 8 492 + 26
3 1.20 0.206 £ 0.018 48 £ 4 147 £ 13
4 0.78 0.215 £ 0.027 50+ 6 153 + 20
5 3.50 0.750 £ 0.048 175 £ 11 537 £+ 34
6 1.37 0.105 £ 0.009 24 +2 74+ 6
7 1.73 0.284 + 0.030 66 + 7 203 £+ 22
8 Not measurable No detectable 0 0
9 3.04 0.528 £ 0.028 123 £7 378 £+ 20
10 2.08 0.219 + 0.030 51+7 156 + 22
. 11 0.77 0.167 £ 0.012 39+ 3 118 £ 9
The reported values are the 12 3.14 0.788 + 0.049 184 % 11 565 + 35
average of at least four samples
b . 13 0.64 0.225 £ 0.027 52+ 6 160 + 20
The values were estimated
based on the ratio of the 14 0.00 0.00 0.00 0.00
molecular weights of the 15 2.56 0.530 £ 0.043 124 £ 10 380 + 31
predominant mono-RLs (504) to ¢ 0.84 0223 £ 0018 52+4 159 + 13

rhamnose (164.16)

Table 6 Ranking list of the individual factors based on their impacts
on RLs production

Design variable factors Sum of squares Effect Contribution (%)
Peptone 0.074 + 7.33

Yeast extract 0.212 + 20.85

NH4NO;3 0.001 - 0.094

NaNO; 0.0005 + 0.050
Na,HPO,4-12H,0 0.0016 + 0.16

KH,PO, 1.655E—005 - 0.0016
Glycerol 0.656 + 64.55

Sunflower oil 0.005 — 0.488

analysis of variance (ANOVA) was done and the sum of
squares for each factor was calculated. Based on the sum
of squares values, ranking lists of the factors were
made (Table 6) and their impacts on the response were
determined.

All the factors except NH4;NO3, KH,PO,, and sunflower
oil (hydrophobic carbon source) had positive effects on the
response. However, the values of sum of squares clearly

point out that glycerol, yeast extract, and peptone had
significant positive impacts on the response with contri-
butions of 64.55, 20.85, and 7.33 %, respectively.
Although the two-level fractional factorial design (resolu-
tion IV) used might not clearly examine the two-factor
interactions and these interactions might confound with
each other, it had two main advantages. The first one is the
main effects of individual factors are clear of the two-factor
interactions. Thus, the influences of glycerol, yeast extract,
and peptone are reliable. The second one is some insights
can be achieved for further experimental designs consid-
ering the two-factor interactions in the current step.
Therefore, the half-normal plot was drawn depicting the
impacts by each factor or two-factor interactions on RLs
yield (Fig. 11a). Based on the half-normal plot, peptone/
glycerol, peptone/yeast extract, and peptone/KH,PO, two-
factor interactions should be considered in the analysis.
Taking peptone/KH,PO, interaction into account caused
KH,PO, to be required to support hierarchy. Thus, four
factors (glycerol, yeast extract, peptone, and KH,PO,) with
three two-factor interactions were regarded in the mathe-
matical model developed by the software package. The
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Fig. 11 The half-normal plot depicting the impacts by individual
factors or two-factor interactions on RLs yield (a) and dry total
biomass (b) in the two-level fractional factorial screening design

ranking list of the considered elements is illustrated in
Table 7.

The second-order polynomial function fitted to the
experimental results of ODy4g4 in terms of actual factors is
as follows:

YODypy = 0.056x1 + 0.6x, — 0.278x3 + 0.337x4
— 0.276x1xp + 0.542x1x3 + 0.136x1x4, (1)

where x, x», x3, and x4 are, respectively, the concentrations
(%wl/v) of peptone, yeast extract, KH,PO,, and glycerol.
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Table 7 Ranking list of the considerable single factors and signifi-
cant two-factor interactions based on the impacts on RLs production

Design variable ~ Sum of Effect Contribution p value

factors squares (%)

Peptone 0.074 + 7.33 <0.0001%*

Yeast extract 0.212 + 20.85 <0.0001*

KH,PO4 1.655E—005 — 0.0016 0.9110

Glycerol 0.656 + 64.55 <0.0001%*

Peptone/yeast 0.019 - 1.88 0.0045%*
extract

Peptone/ 0.026 + 2.60 0.0017%*
KH,PO,

Peptone/glycerol  0.0184 + 1.81 0.0049*

* The p values less than 0.05 indicate model term is significant

The value of the determination coefficient R” is equal to
0.9902 for the mathematical model. Equation (1) would be
suitable for further investigation and decision making for
future designs.

As resulted from Table 7, peptone/yeast extract and
KH,PO, had negative influences on the response. The
important object which should be pointed out is that despite
the important individual roles of peptone and yeast extract
in RLs formation, the presence of both the terms may lead
to a slight reduction in production. Moreover, although
KH,PO, had a negligible negative effect, it would increase
the product formation when used with peptone. It might be
stemmed from the impact of KH,PO4 on pH of the culti-
vation medium as an element of phosphate buffer.

Figure 11b illustrates the half-normal plot, which shows
the impacts by each factor or two-factor interactions on dry
total biomass. Regarding this plot and the relevant analysis
on dry total biomass (data not shown) it is revealed that
glycerol, peptone, and yeast extract had the most signifi-
cant positive impacts (53.36, 22.52, and 10.79 % of con-
tribution, respectively) on total biomass formation. This
fact demonstrated that the contribution of peptone was
much more than that of yeast extract. However, peptone/
yeast extract two-factor interaction had also a slight neg-
ative effect (1.54 % of contribution) on the response.

The Second Screening Step: Two-Level Full Factorial
Design

Regarding the results obtained in the first screening step,
glycerol, yeast extract, peptone, and KH,PO, were selected
as considerable factors for further investigation. A two-
level full factorial set of experiments was designed in
which the low and high values for each factor were
regarded similar to the previous step (listed in Table 1). For
this aim, 16 different medium compositions were prepared.
The layout of the full factorial design is illustrated in
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Table 8. The estimated amounts of produced RLs as well
as the dry total biomass are presented in Table 9.

The responses listed in Table 9 showed the discrepancy
from O (media no. 5, 9, 10 and 13) to 0.794 (medium no. 8)
of measured ODy4y4 and O to approximately 570 mg/l of
estimated RLs production. The maximum production was
related to medium no. 8. Also, the media no. 6, 1, 12, and
15 had significant amounts of RLs comparing to the others.
Medium no. 8 contained the high levels of all the

Table 8 Two-level full factorial design for the 4 factors (16 testing
media)

components (leading to the highest biomass yield). Com-
parison of the medium no. 8 in the second series of
experiments and the medium no. 12 in the initial series
indicated that the increase of IPTG induction did not affect
the responses in a straightforward manner. This means that
0.4 mM IPTG concentration would be enough and appro-
priate for the factor screening design through which only
the effects of medium components were evaluated. For
factor analysis, the responses (OD4o4 and dry total bio-
mass) were given to the Design Expert software package.
Then, ANOVA was performed and the sum of squares for
each factor was calculated. Based on the sum-of-square
values, ranking lists of the factors were made (Table 10)

Media no. — Glycerol - Yeast extract  Peptone  KH;PO;  ap( their impacts on the response were determined.
(%ow/v) (%owl/v) (%ow/v) (%ow/v)

1 1.0 0.0 1.0 0.0
2 0.0 0.5 0.0 0.0
3 0.0 0.5 0.0 0.3 Table 10 Ranking list of the considerable single factors and signif-
4 0.0 0.5 1.0 0.0 icant two/three-factor interactions based on the impacts on RLs
5 0.0 0.0 0.0 0.0 production
6 1.0 0.5 0.0 0.3 Design variable Sum of Effect Contribution p value
7 1.0 0.0 1.0 0.3 factors squares (%)
8 1.0 0.5 1.0 03 Glycerol 039 + 3278 <0.0001*
0 1.0 0.0 0.0 0.3 Yeast extract 027  + 2209 <0.0001%
10 10 0.0 0.0 0.0 Peptone 025 4+ 2102 <0.0001%
1 0.0 0.0 1.0 0.0 Glycerol/yeast extract ~ 0.056  + 4.62 0.0004*
12 1.0 0.5 0.0 0.0 Glycerol/peptone 0.034 + 2.86 0.0017*
13 0.0 0.0 0.0 0.3 Yeast extract/peptone  0.14 - 12.0 <0.0001*
14 0.0 0.3 1.0 0.3 Glycerol/yeast extract/  0.043  — 3.56 0.0009*
16 0.0 0.0 10 03 * The p values less than 0.05 indicate model term is significant
Table .9 The amounts of dry Media no. Dry total biomass ODyp4* Rhamnose concentration RLs concentration
total biomass, ODy4g4 values and (/) (mg/l) (mg/l)°
the concentrations of produced & & &
RLs in the second 16 screening- 2.60 0.664 £ 0028 155 +7 476 % 20
designed media

2 0.32 0.225 £+ 0.022 5245 160 £+ 16

3 0.38 0.227 £ 0.005 53+1 162 + 4

4 0.64 0.289 =+ 0.037 67 £ 9 206 + 27

5 Not measurable No detectable 0.0 0.0

6 2.74 0.674 + 0.038 157+ 9 483 + 27

7 2.88 0.610 £ 0.038 142 +9 437 £ 27

8 3.20 0.794 £+ 0.059 185 + 14 569 + 43

9 Not measurable No detectable 0.0 0.0

10 Not measurable No detectable 0.0 0.0
. 11 0.39 0.239 £+ 0.023 55+5 170 + 17

The reported values are the 12 1.24 0.663 £ 0.060 155 & 14 475 + 43
average of at least four samples
b . 13 Not measurable No detectable 0.0 0.0
The values were estimated

based on the ratio of the 14 0.62 0.308 & 0.030 72+7 220 + 22
molecular weights of the 15 2.36 0.645 £ 0.052 150 + 12 462 £ 38
predominant mono-RLs (504)to 44 0.60 0251 +£0.008 58 +2 179 + 6

rhamnose (164.16)
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Fig. 12 The half-normal plot depicting the impacts by individual
factors or two/three-factor interactions on RLs yield (a) and dry total
biomass (b) in the full factorial screening design

The third-order polynomial function fitted to the
experimental results of ODy4g4 in terms of actual factors is
as follows:

VoD, = 0.453uy + 0.245u3 + 0.885u 1y + 0.392u;u3
— 0.346112143 — 0.827”11421/{3,

(2)
where u;, u,, and uj are, respectively, the concentrations
(%wl/v) of glycerol, yeast extract, and peptone.

The value of the determination coefficient R” is equal to
0.9893 for the mathematical model. The half-normal plot
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was also drawn in order to depict the impacts by individual
factors as well as two- and three-factor interactions on RLs
yield (Fig. 12a).

Regarding the results shown in Table 10 and Fig. 12a,
the significant positive effects of glycerol, yeast extract,
and peptone on heterologous RLs production were con-
firmed. However, it should be noted that based on the terms
of the mathematical model (Eq. 2), the influence of glyc-
erol in the presence of yeast extract or peptone was sig-
nificant. Comparing its contribution in the first (64.55 %)
and the second (32.78 %) sets of experiments highlights
this fact even more. Also, the negative impact of yeast
extract/peptone two-factor interaction was demonstrated.
This contributed to the negative impact of glycerol/yeast
extract/peptone three-factor interactions while glycerol/
yeast extract and glycerol/peptone two-factor interactions
had positive impacts on RLs production. It should be noted
that the presence of KH,PO, in the culture medium
affected the RLs production in a positive manner although
not significantly.

The half-normal plot, which depicts the impacts of each
factor or two/three-factor interactions on dry total biomass
is illustrated in Fig. 12b. According to this plot and the
relevant analysis on dry total biomass (data not shown), it
is revealed that glycerol and peptone had, respectively, the
most significant effects on biomass formation. The positive
impact of peptone was more than three times in comparison
to that of yeast extract. Also, yeast extract/peptone two-
factor and glycerol/yeast extract/peptone three-factor
interactions had negative influences on biomass formation
while glycerol/peptone and glycerol/yeast extract two-
factor interactions affects biomass formation in a positive
manner.

Discussion

Heterologous Production of P. aeruginosa ATCC 9027
Rhamnolipids in P. putida KT2440

The cloned genes (rhlAB) were extracted for the first time
from the well-studied mono-RLs-producing strain of P.
aeruginosa (ATCC 9027). Due to the rich pieces of
information available about ATCC 9027 and the wide
range of different mono-RLs produced by this strain [27],
the current study will be the preliminary step for investi-
gation of the capabilities of the recombinant P. putida
KT2440 in comparison to P. aeruginosa ATCC 9027 for
production of a vast variation of mono-RLs/or specific ones
with limited range of molecular weights.

It should be noted that the current work was mainly a
conceptual study which investigated the feasibility of het-
erologous RLs production in different types of culture
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systems such as dual cultivation and mixture media. The
main aim was to provide appropriate insights for further
studies to improve the RLs biosynthesis processes.
According to the results obtained from the media utilized
in this study, the recombinant P. putida KT2440
pVLT33_rhlAB could able to produce more than 0.2 and
0.4 g/1 RLs in LB medium and LB supplemented with glu-
cose, respectively. The results had the same order of mag-
nitude as those of Ochsner et al. [16] (P. putida KT2442
pUO98) and Wittgens et al. [14] (P. putida KT2440
pVLT33_rhiAB). However, these values are rather low
compared to the RLs concentrations produced by the
parental strain P. aeruginosa ATCC 9027 (i.e., 4.261 g/
[41]) and the genetically modified strain of P. putida studied
in [17]. The reason is that the production of RLs by the
parental strain and other P. aeruginosa species are highly
regulated by the complex quorum-sensing systems (las and
rhl) at the transcriptional and translational levels. Through
autoinducer signal molecules (N-(3-oxododecanoyl) ho-
moserin lactone and N-butyryl homoserin lactone) these
complex systems contribute to coordination of population
activities such as highly upregulation of rh/AB genes [10, 42]
especially under nitrogen or phosphate limitation [14, 41].
These well-studied systems are very important in P. aeru-
ginosa species pathogenesis [10]. As mentioned before, the
rhIAB operon promoter is under the control of the rh/R and
rhll gene products [17]. Since N-acyl homoserine lactone
(AHL) autoinducers are produced by some P. putida strains
[43], cloning of the whole rhlABRI operon might contribute
to high yields of heterologous RLs as reported by [17].
According to [37], using synthetic quorum sensing systems
enables us to engineer microorganisms to sense their cell
density and coordinate/activate the desired genes expression
at the suitable time. Due to the complexity of quorum
sensing systems and lack of studies on these systems in P.
putida species, an alternative method can be chosen in which
the cultures are grown to an intermediate or high density
before inducing product formation at the appropriate time
[37]. This method helps us to avoid the complexity of quo-
rum sensing and achieve a more controllable biosynthetic
process. However, as a result of the fact that both precursors
of RLs are stemmed from the central metabolism, the over-
production of heterologous RLs is somehow difficult [2, 13,
16]. It seems that in addition to metabolic engineering,
optimal medium design can be an appropriate solution for
the problem through which the suitable sources with proper
ratios are supplied to the recombinant microbes. Thus, the
main goal of the current work was to investigate the feasi-
bility of heterologous production of P. aeruginosa ATCC
9027 RLs in a number of considerable media as well as the
application of the screening design as the preliminary step
for optimal medium design that paves the way for further
investigations.

With the aim of utilization of renewable resources, due
to the advantages of glycerol (the substrate of natural origin
with various main sources) it is utilized in the main part of
the experiments [3]. The results pointed out that unlike
sunflower oil (the hydrophobic carbon source) glycerol has
a significant impact on heterologous RLs biosynthesis. This
fact leads us to further studies for examination of the other
hydrophilic and hydrophobic carbon sources.

Experimental Design

While the previous studies in [14] confirmed the impor-
tance of metabolic engineering to improve the recombinant
RLs formation yields, the current study mainly focused on
the importance of medium composition and identification
of the most critical and effective compounds. The wide
range of variation between the results of screening tests
demonstrated the role of medium composition on RLs
biosynthesis performance. Applying the proposed two-step
screening approach helped us to gain maximum insight via
conducting a minimum number of experiments. The initial
two-level fractional factorial design provided useful pieces
of information for the complementary steps and further
studies. Although we could have confined ourselves to the
two-factor interactions when resolution IV was employed,
considering the interactions would provide suitable sug-
gestions as initial screening designs. Thus, it may be a
better choice compared to Plackett—-Burman method. Based
on the individual factor analysis, glycerol, yeast extract,
and peptone were determined as the best compounds.
However, taking the two-factor interactions into account,
negative effect of peptone/yeast extract and positive effect
of peptone/KH,PO, on RLs formation were revealed. The
combination of the initial fractional factorial screening
with the two-level full factorial design for the four men-
tioned components allowed for a thorough investigation of
the two- and three-factor interactions on RLs production in
addition to confirming the impacts of individual com-
pounds. Investigating the two-factor interactions besides
the individual main effects would be the first step of two-
or three-step procedures including mixture experiment or
combined mixture designs in which the process factors
such as IPTG-induction time, the times of induction, the
process time, agitation, and aeration as well as feeding
strategies and HCDC-relevant techniques can be studied. It
should be noted that through stepwise screening procedures
such as initial Plackett—-Burman method followed by frac-
tional factorial (resolutions IV or V) and full factorial
designs, it would be possible to screen a large number of
components and identify the critical ones via small num-
bers of experimental series.

To sum up, it is determined that glycerol, yeast extract,
and peptone have positive influences on heterologous RLs
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production. Peptone is more suitable for biomass forma-
tion, which implicitly influences the RLs production, while
yeast extract more significantly affects the RLs formation.
However, their interaction influences the biomass and RLs
formation in a negative manner. Thus, there exists a trade-
off between biomass formation and RLs production using
both peptone and yeast extract in the medium composition.
This fact contributes to the definition of the most efficient
ratios of the compounds glycerol, yeast extract, and pep-
tone in the cultivation media via further experimental
designs such as mixture/combined mixture experiments.

Conclusion

In this work, the heterologous production of P. aeruginosa
ATCC 9027 RLs in the safety host P. putida KT2440 was
investigated. The heterologous production of RLs was
studied and demonstrated in a number of cultivation media.
Thanks to the techniques of experimental design, as a
prerequisite of the optimal medium design, a two-step
approach for screening of eight macro-nutritional compo-
nents (containing carbon, nitrogen, and phosphate sources)
was proposed through which the most effective ones were
identified and the two/three-factor interactions besides their
individual impacts were studied conducting only two
16-experimental series. Glycerol, yeast extract, and pep-
tone were chosen for the complementary experimental
designs such as mixture experiments or combined mixture
ones. Due to the wide range of advantages of DoE meth-
odologies and the proposed screening procedure, optimal
medium designs and optimal operating policies can be
determined through small numbers of experimental series.
Moreover, stepwise screening procedures can enhance the
screening of large numbers of media components, envi-
ronmental conditions, and process factors, as well as
determining the multi-factor interactions.
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