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Abstract Pseudomonas nitroreducens MILB-8054A isolated
from petroleum-contaminated soil, immobilized on calcium
alginate beads, and under resting cell condition, produced
biosurfactants. Immobilized cells gave a best yield of 5.6 g
rthamnolipid I"' using sucrose as carbon source. Time course
study using resting cells showed that 2 % v/v of palm oil
(preculture carbon source) and 10 % diesel (carbon source)
gave the best rhamnolipid yield of 5.1 g I"" at pH 8 and
temperature of 30 °C. Carbon utilization by resting cells was
compared with that of growing cells. The best biosurfactant
recovery procedure was acetone extraction.

Keywords Calcium alginate - Cell immobilization - Mineral
salt medium - Pseudomonas nitroreducens - Resting cell -
Rhamnolipids

Introduction

A variety of microorganisms, such as bacteria, yeasts, and
fungi, are able to produce biosurfactants (Desai and Banat
1997). Compared to synthetic surfactants, biosurfactants
have higher surface activity, lower toxicity, higher biode-
gradability, and better environmental compatibility (Banat et
al. 2000). Biosurfactants can be categorized in five groups
in terms of their chemical composition, being glycolipids, lip-
opeptides, phospholipids, fatty acids, and polymeric biosurfac-
tants (Wei et al. 2007). Among them, rhamnolipid, a glycolipid-
type biosurfactant, primarily produced by Pseudomonas sp., can
be applied in the petrochemical industry for enhanced oil
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recovery, hydrocarbon remediation, removal of heavy metals
from soils, and decontamination of oil from soil (Mulligan
2005). Although rhamnolipid is an effective biosurfactant and
is well suited for applications in bioremediation of oil pollutants
(Wei et al. 2008), its production could be limited by several
factors such as limited yield, recovery, and purification diffi-
culties, as well as a limited productivity of batch process or
occurrence of substrate inhibition (Abouseoud et al. 2008b).
Therefore, there is an urgent demand to develop an efficient
biosurfactant producer and a cost-effective bioprocess for the
production of rhamnolipid. A possible strategy for enhanced
rhamnolipid production is immobilization of bacterial cells on
hydrogel beads and keeping the microbial cell under resting
condition. The major problem associated with use of hydrogel
beads is to find the right one that will not be harmful to the
microbial cells.

For the continuous production of rhamnolipids, immobi-
lization methods have been used (Jeong et al. 2004;
Abouseoud et al. 2008b). The successful application of an
immobilization technique requires that the carriers have a
strong consistency, durability, and high cell viability as well
as low cost (Hashimoto and Furukawa 1987). Immobilizing
microbial cells in a high density not only improves the
productivity of a bioreactor but also provides many benefits
over free cells. The microbial cells immobilized in a hydro-
gel matrix can be protected from harsh environmental con-
ditions such as pH, temperature, organic solvent, and
poison. Immobilized microbial cells can also be handled
more easily and recovered from the solution without diffi-
culty. Continuous processes can be operated in a high cell
density without loss of microbial cells even at high dilution
rates, which results in a higher bioreactor volumetric pro-
ductivity. An entrapment method has been commonly used
for the preparation of immobilized microbial cells (Park and
Chang 2000). There are two categories of hydrogel material
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for cell immobilization, natural and synthetic. Of the former,
agar, agarose, polyacrylamides, x-carrageenan, and alginate are
common examples. Examples of synthetic gels include poly
(carbamoyl)sulphonate (PCS), polyhydroxyethylmethacrylate
(polyHEMA), polyacrylamide, and polyvinyl alcohol (PVA)
(Cunningham et al. 2004). However, conditions under which
these hydrogels form may be inhibitory to microbial growth,
e.g., cross-linking with toxic chemicals or UV light (Webb
and Dervakos 1996). The encapsulation of microbial cells in
biodegradable matrices such as alginate do not harm the cells,
while the resulting carriers are biodegradable and non-toxic,
and may provide a means for slow release of microorganisms
over time, initially protecting encapsulated cells while the beads
are degraded (Cassidy et al. 1995).

In order to improve rhamnolipid production by Pseudo-
monas sp., the use of resting microbial cells has also been
reported by several authors (Reiling et al. 1986; Ramana and
Karanth 1989). Production by resting cells is a mode of
biosurfactant production in which there is no cell multipli-
cation. The cells nevertheless continue to utilize the carbon
source for the synthesis of biosurfactant. Biosurfactant produc-
tion by resting cells is important for the reduction of cost of
product recovery, as the growth and the product formation
phases can be separated (Desai and Banat 1997).

Though there have been reports on biosurfactant produc-
tion by various species of Pseudomonas, no report has been
made on biosurfactant production by Pseudomonas nitrore-
ducens at the time of this report. Alginate has been widely
studied and utilized due to the milder conditions (e.g., ambient
temperature) of the encapsulation process (Cassidy et al.
1995). To this end, this work was aimed at immobilization
of Pseudomonas nitroreducens on Ca”" alginate beads for
enhanced production of rhamnolipid biosurfactants. Also,
we report the production of biosurfactants by this organism
under resting cells condition.

Materials and methods
Microorganism and inocula

Pseudomonas nitrorveducens MILB-8054A with accession
number (AY297786) used in this study was previously
isolated from petroleum-contaminated soil in Awka, Nigeria
(Onwosi and Odibo 2011).

Growth medium

A mineral salts medium (MSM), according to Pruthi and
Cameotra (1997) with a few modifications, containing the
following components (g 1"') was used for the growth of the
isolate: KH,POy4, 2.0; K,HPO4, 5.0; (NH4),SOy4, 3.0;
NaNOs, 2.0; NaCl, 0.10; MgS0O47H,0, 0.2; FeSO,7H,0,
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0.01; CaCl,, 0.01. It also contained trace elements solution
having the following components (mg 1™") ZnSO, “7H,0,
5.25; MnSO,4 4H,0, 200; CuSO,4 '5H,0, 70.5; NH;Mo00,
"2H,0; 15; CoCly 6H,0, 200; H3;BO;, 15. The pH of the
medium was adjusted to 6.8 using 1 M NaOH and sterilized
by autoclaving at 121 °C for 15 min. The inoculum was
prepared by transferring a loopful of bacteria from the slant
to Erlenmeyer flask (250 ml) containing 50 ml of mineral
salt medium and 2 % glucose as carbon source and incubated
at 180 rpm for 36 h at 30 °C in an orbital shaker.

Rhamnolipid purification and recovery

The collected fermentation broth was first centrifuged at
9,000 g for 15 min to remove bacterial cells. The pH of the
resulting supernatant was adjusted to pH 2.0 with 1 M HCl to
precipitate rhamnolipid. The precipitate was harvested by
centrifugation (9,000 g, 20 min). In the second approach, the
culture broth was centrifuged (10,000 g for 15 min) to remove
the cells. The clear supernatant served as the source of crude
biosurfactant. The biosurfactant was recovered from the
cell-free culture supernatant by cold acetone precipita-
tion as described by Pruthi and Cameotra (1997). Three
volumes of chilled acetone were added and allowed to
stand for 10 h at 4 °C. Other approaches involved the precip-
itation of produced biosurfactant using hexane and ethanol.

Rhamnolipid quantification

The orcinol assay (Chandrasekaran and Bemiller 1980) was
used for direct assessment of the amount of glycolipids in
the samples. Extracellular glycolipids concentration was
evaluated in triplicate by measuring the concentration of
rhamnose: 0.33 ml of the culture supernatant was extracted
twice with 1 ml diethyl ether. The ether fractions were
evaporated to dryness and 0.5 ml of H,O was added. To
1 ml of each sample, 9 ml of a solution containing 0.19 %
orcinol (in 53 % H,SO,) was added. After heating for
30 min at 80 °C the samples were cooled at room temper-
ature and the ODy,; was measured. The rhamnolipid con-
centrations were calculated from a standard curve prepared
with l-rhamnose and expressed as rhamnose equivalents
(RE) (mg ml™").

Biosurfactant production by immobilized cells
of Pseudomonas nitroreducens

The culture broth was centrifuged at 10,000 g for 15 min,
and the pellets were used for immobilization study. The
alginate encapsulation protocol of Abouseoud et al.
(2008b) was modified in the following manner. Briefly,
1.4 g sodium alginate (final concentration 1.4 % w/v) was
thoroughly mixed with hot distilled water in a 250-ml
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Erlenmeyer flask. The solution was heated to 70 °C and
mixed for 30 min at 180 rpm by magnetic stirring. It was
autoclaved for 10 min at 121 °C and the mixture cooled to
about 35 °C and then added to a solution of about 2.0 g wet
cell weights per 100 ml of alginate solution for 15 min. The
resulting mixture was extruded through a sterile 5-ml
gauge needle into a sterile solution of 0.05 M CaCl,
maintained at 10 °C and mixed by magnetic stirring at
50 rpm. The resulting beads were held stationary in the
CaCl, solution for 2 h at 10 °C in order to harden. The
beads were finally washed with sterile distilled water.
Experiments were carried out using mineral salts medium
(MSM), according to Pruthi and Cameotra (1997) with a few
modifications. Various carbon sources (2 %) were asepti-
cally added to the flasks containing MSM. Laboratory scale
biosurfactant production was carried out in 250-ml Erlenmeyer
flasks (containing 50 ml of medium inoculated with 5 ml of
immobilized cells) incubated for 7 days in an orbital shaker
(180 rpm, 30 °C). This experiment was performed in triplicate
and the average result taken.

Preparation of resting cells and biosurfactant production
by resting cells

The method of Kitamoto et al. (1992) was used in the
preparation of the resting cells and evaluating the effects
of carbon sources on rhamnolipid production from resting
cells. Briefly, the bacterial cells were incubated in an orbital
shaker (180 rpm, 30 °C) for 2 days using Nutrient broth as
the growth medium. Thereafter, the cells were harvested by
centrifugation at 9,500 g for 20 min and washed twice with
distilled water under sterile conditions. The washed cells
were transferred into Erlenmeyer flasks (250 ml) containing
50 ml of the reaction medium (10 % carbon source and
distilled water) and incubated at 30 °C for 6 days. The
carbon sources used were groundnut oil, palm oil, diesel,
glucose, and glycerol. To examine the effects of pre-culture
carbon sources on rthamnolipid production by resting cells,
different carbon sources (glucose, sorbitol, maltose, lactose,
sucrose, raffinose, glycerol, diesel, palm oil, and groundnut
oil) were used for inoculum build-up using MSM as growth
medium. The cells were harvested and used for rhamnolipid
production. Mineral salts medium (MSM), according to
Pruthi and Cameotra (1997) with a few modifications was
used for growing cells for rhamnolipid production. Then,
2 % of various carbon sources were aseptically added to the
flasks containing MSM. Laboratory-scale biosurfactant
production was carried out in 250-ml Erlenmeyer flasks
(containing 50 ml of medium inoculated with 3 ml of
inoculum) incubated for 7 days in an orbital shaker
(180 rpm, 30 °C). The effect of pH on rhamnolipid
production from resting cells was examined using different
buffers (acetate (pH 4 and 5), citrate-phosphate (pH 6 and 7),

phosphate buffer (pH 7), and Tris (pH 9)) instead of distilled
water in the reaction medium. The effect of temperature (30—
50 °C) on rhamnolipid production by resting and growing cells
of Pseudomonas nitrorveducens was also evaluated. All the
experiments described in this section were performed in
triplicates.

Statistical analysis

Statistical analysis was performed by GraphPad Prism 5"
software program (Trial version) (GraphPad Software, CA,
USA). The data were analyzed by analysis of variance
(ANOVA). All values are given as the mean of three repli-
cates+standard deviation (SD).

Results and discussion
Biosurfactant recovery

During the rhamnolipid recovery, acetone or ethanol was the
preferred system. Abouseoud et al. (2008a) also reported the
use of acetone in the recovery of biosurfactants. The cold
acetone precipitation method used for biosurfactant recov-
ery appeared easy and reliable, and no loss of biosurfactant
activity was noted as reported in the available literature
(Haba et al. 2000).

Effect of cell immobilization on biosurfactant production

Varying the concentration of immobilized cells did not have
outstanding differences in biosurfactant yield in this study.

Table 1 Effect of car-

bon source on biosur- Carbon Rhamnolipid yield
factant production by sources g™
immobilized cells of
Pseudomonas D-Mannitol 0.12 £ 0.02
nitroreducens® Sucrose 5.60 £0.15
Xylose 5.10£0.11
Sorbitol 3.95+0.05
Raffinose 4.60 +0.03
Lactose 4.81 £0.03
Mannose 4.91 £0.02
Maltose 5.32+0.03
Dulcite 342 +0.03
Glucose 5.20 £0.02
Groundnut oil 1.89 £ 0.04
Glycerol 325+0.05
Paraffin 4.81 +£0.03
Diesel 342 +£0.03
“Each value is the mean Kerosene 5.34 +£0.05
of three replicates (= Palm oil 1.70 + 0.02

standard deviation)
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Table 2 Effect of pre-

culture carbon source on Pre-culture carbon ~ Rhamnolipid yield
biosurfactant production source g™
from resting cells of
Pseudomonas Glucose 1.50 + 0.05
nitroreducens® Sorbitol 1.32 4+ 0.03
Maltose 2.10£0.13
Lactose 1.10£0.13
Sucrose 3.11 £0.08
Raffinose 2.30 £ 0.08
Glycerol 1.60 £ 0.05
Diesel 1.64 £0.05
*Each value is the mean Palm oil 3.70 + 0.03
of three replicates Groundnut oil 1.52 +£0.03

(standard deviation)

However, the cell loading of 10 % gave the best thamnolipid
yield (data not shown). The medium to bead volume ratio is
an important consideration in determining the bioreactor
performance (Abouseoud et al. 2008b). The biosurfactant
yields from different carbon sources are shown in Table 1.
The best carbon source was sucrose. Production of biosur-
factant by free and alginate-entrapped cells of Pseudomonas
Sfluorescens Migula 1895-DSMZ was investigated using olive
oil as the sole carbon and energy source (Abouseoud et al.
2008b). Jeong et al. (2004) reported that a marine bacterium,
Pseudomonas aeruginosa BYK-2, was immobilized by entrap-
ment in polyvinyl alcohol beads and optimized for the continu-
ous production of thamnolipid. Interestingly, Heyd et al. (2011)
also described the continuous rhamnolipid production using
Pseudomonas aeruginosa DSM 2874 immobilized in magnetic
alginate beads using glycerol as carbon source.

Biosurfactant production by resting cells of Pseudomonas
nitroreducens

The best pre-culture carbon source was from palm oil with
yield of 3.7 g rhamnolipid 1! (Table 2). Table 3 shows the

Table 3 Effect of car-
bon source on rhamno-
lipid production by
growing and resting Growing Resting
cells of Pseudomonas cells cells
nitroreducens®

Carbon Rhamnolipid yield (g 17"

source

Glycerol 1.81+0.03 1.15 +

0.05

Glucose 2.40+0.01 0.90 +

0.01

Groundnut 1.4040.02 220+

oil 0.05

Palm oil 0.71+0.01 141+

0.01

“Each value is the mean Diesel 1.61+£0.01 2.60 +

of three replicates 0.02
(+standard deviation)
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Fig. 1 Effects of (a) pH and (b) temperature on rhamnolipid production
by resting and growing cells of Pseudomonas nitroreducens

effects of carbon sources in the reaction medium on the
resting and growing cells of Pseudomonas nitroreducens.
Glucose and diesel were the best carbon sources for growing
and resting cells, respectively. Syldatk et al. (1985) produced
four interfacial active rhamnolipids using n-alkanes or glycerol
as carbon sources by resting cells of Pseudomonas species
DSM 2874. The pH 8 gave the best thamnolipid yield for both
growing and resting cells (Fig. 1a). The optimum temperature
for biosurfactant yield was under mesophilic condition (35 °C)
for both resting and growing cells (Fig. 1b). In the time course
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Fig. 2 Time course study of rhamnolipid production by resting cells of
Pseudomonas nitroreducens under optimal conditions of the reaction
medium
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study, optimal conditions of the reaction medium are: pre-
culture carbon source (palm oil)=2 % v/v, carbon source
(diesel)=10 % v/v, pH=8, temperature=35 °C) (Fig. 2). There
was a linear increase in the concentration of rhamnolipid bio-
surfactant without a lag phase and it reached 5.1 g rhamnolipid
1" after 144 h fermentation. According to Syldatk and co-
workers, optimal thamnolipid production was achieved at pH
range of 6.0—7.2 and temperature of 30 °C (Syldatk et al. 1985).

Conclusions

The newly isolated Pseudomonas nitroreducens produced
rhamnolipid-type biosurfactant. The present study revealed that
Pseudomonas nitroreducens immobilized in Ca>* alginate beads
and under resting cells condition produced rhamnolipid. These
methods are apparently advantageous in the continuous produc-
tion and recovery of the biosurfactant.
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