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Abstract

Biosurfactants-producing bacteria were isolated from various palm oil refinery industrial sites in the south of Thai-
land. Isolates were screened for biosurfactant production by using low-cost, agro-industrial by-products or wastes
as a substrate. Based on drop collapsing test and emulsification activity, 25 isolates were selected. All the selected
isolates reduced the growth medium surface tension to 40 mN/m and produced emulsions with xylene. Twenty
isolates exhibited high emulsion-stabilizing capacity, maintaining more than 50% of the original emulsion volume
for 24 h. The phylogenetic position of these 25 isolates was evaluated by 16S rRNA gene sequence analysis.The
production of biosurfactants was determined for strains representative of 15 different bacterial genera, six of them
(Azorhizobium, Buttiauxella, Comamonas, Halopenitus, Haloplanus and Sinorhizobrum) have been for the first time
reported in this study as biosurfactant-producing strains. Additionally, Sinorhizobium meliloti AS91 and Marinobacter
hydrocarbonoclasticus AS51 produced extracellular biosurfactant which exhibited the lowest surface tension
(32 mN/m) and emulsification activity (69%) when cashew apple juice and used vegetable oil were used as the carbon
source, respectively. Overall, this is the first study of a phylogenetic analysis of biosurfactant-producing bacteria
from palm oil refinery industry site and their ability to produce biosurfactant on renewable substrates.
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Introduction

Palm oil production is a major agricultural industry
in southern Thailand. The explosive expansion in the
number of oil palm plantations has generated enormous
amounts of waste such as solid wastes, water wastes and
residual palm oil-contaminated soil or -water around in-
dustrial sites (Chavalparit et al., 2006). The microorga-
nisms producing biosurfactants aid in their survival
in the aqueous phase to adsorb, emulsify, wet and dis-
perse or solubilize the oil or hydrophobic substrate (Ne-
rurkar et al., 2009). The presence of biosurfactants can
increase the solubility of oil and hence potentially in-
crease their bioavailability for use as carbon and energy
sources (Mulligan, 2009). Biosurfactants are amphiphilic
(containing both hydrophilic and hydrophobic moieties)
surface active agents produced by microorganisms.
These reduce surface and interfacial tensions by accu-

mulating at the interface between two immiscible fluids
such as oil and water (Nitschke and Coast, 2007). Inte-
rest in biosurfactants has increased considerably in re-
cent years as possible replacements for at least some
chemical surfactants. Moreover biosurfactants can be
produced from low-cost, free-cost or waste substrates
from many agro-industrial processes.

However, the major concern regarding the use of
biosurfactants in place of chemical surfactants is their
production cost which can be kept low by selecting effi-
cient strains of biosurfactant-producing microorganisms,
thus optimizing the medium composition and using alter-
native inexpensive renewable substrates. The choice of
low-cost, free-cost or waste substrates is important to
the overall economy of the process and they account for
approximately 30-50% of the final product cost and also
minimize the expenses cost of waste treatment (Ruggeri
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Table 1. Identification of selected biosurfactant-producing bacterial isolates by 16S rRNA gene sequence analysis

No Strain G enBank 16S rRNA gene sequence SIe(?:IftriltC; Cenus
code | Accession no. Nearest relative in GenBank (%)

1 AS5 AB720125 Bacillus tequilensis PUFSTFMId34 (KC855549) 100 Bacillus sp.

2 AS7 AB720127 Bacillus safensis K-1 (KC967072) 100 Bacillus sp.

3 | AS10 AB720130 Bacillus licheniformis PUFSTFMPi01 (JQ677086) 100 Bacillus sp.

4 | AS12 AB720132 Bacillus licheniformis CRRI-HN-2 (JQ695929) 100 Bacillus sp.

5 | AS14 AB720134 Bacillus cereus NBRC 3003 (AB679980) 100 Bacillus sp.

6 | AS19 AB720139 Acinetobacter parvus LUH4616 (NR_025425) 100 Acinetobacter sp.

7 | AS22 AB720142 Pseudomonas aeruginosa PPI-5 (JQ773430) 100 Pseudomonas sp.

8 | AS24 AB720144 Pseudomonas oleovorans XA4-2 (JF496274) 100 Pseudomonas sp.

9 | AS27 AB720147 Pseudomonas protegens Pf-5 Pf-5 (NR_074599) 100 Pseudomonas sp.
10 | AS31 AB720151 Serratia marcescens SK-07 (F]612597) 100 Serratia sp.

11 | AS34 AB720154 Acinetobacter junii R7-5C (HQ154562) 100 Acinetobacter sp.
12 | AS43 AB721286 Sphingobacterium spiritivorum RB91K (JQ764838) 100 Sphingobacterium sp.
13 | AS46 AB721289 Comamonas sp. ZJ003 (JN713433) 100 Comamonas sp.
14  AS49 AB721292 Buttiauxella sp. NW51 (JF915349) 100 Buttiauxella sp.

15 | AS51 AB721294 | Marinobacter hydrocarbonoclasticus K]-W15 (JQ799112) 100 Marinobacter sp.
16 | AS89 AB742161 Acinetobacter gyllenbergii LUH1737 (AJ293692) 99 Acinetobacter sp.
17 AS90 AB742162 Rhodococcus ruber AM (JQ819733) 100 Rhodococcus sp.
18 | AS91 AB742163 Sinorhizobium meliloti T2¢c (AB539807) 99 Sinorhizobium sp.
19 | AS92 AB742164 Stenotrophomonas rhizophila T2j (AB539813) 100 Stenotrophomonas sp.
20 | AS93 AB742165 Marinobacter pelagius KJ]-W14 (JQ799111) 100 Marinobacter sp.
21 | AS94 AB742166 Corynebacterium falsenii Bacteria_223 (JQ800469) 100 Corynebacterium sp.
22 | AS95 AB742167 Azorhizobium doebereinerae BR5401 (NR_041839) 100 Azorhizobium sp.
23 | AS96 AB742168 Haloplanus sp. RO5-8 (EU931578) 100 Haloplanus sp.
24 | AS97 AB742169 Halopenitus persicus DC30 (JF979130) 100 Halobacteriaceae sp.
25 | AS117 = AB720137 Acinetobacter calcoaceticus 97424 (HE651906) 100 Acinetobacter sp.

et al., 2009). Several recent studies have reported the
screening of novel biosurfactant-producing strains from
terrestrial and marine environments (Bodour et al.,
2003; Bento et al., 2005; Batista et al., 2006; Toledo
et al., 2006, 2008; Ruggeri et al., 2009; Saimmai et al.,
2012a, 2012b, 2012c). However, few researchers have
addressed the diversity of biosurfactant-producing bac-
teria (Bento et al., 2005; Batista et al., 2006; Ruggeri
et al., 2009; Saimmai et al., 2012a, 2012c¢). In addition,
to the best of our knowledge, this is the first report that
describes the phylogenetic diversity of biosurfactant-pro-
ducing bacteria from soils contaminated with palm oil

in the palm oil industry. The objectives of this research
were to study the microbial diversity and phylogenetic
relationships of the biosurfactant-producing bacteria
in soils contaminated with palm oil in the palm oil industry
and evaluate the production of cost-effective substrates.

Materials and methods

Isolation of biosurfactant-producing bacteria

Biosurfactant-producing bacteria were isolated from
soils contaminated with palm oil from a palm oil refinery
factory in southern Thailand: 6 factory samples in Chum-
phon Province (CP); 10 factory samples in Krabi Pro-
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Table 2. Biosurfactant production measurement by drop collapsing test (DCT) and small-scale emulsification activity
(EA) of isolates cultivated in MSM supplemented with indicated carbon source (+: positive response, —: negative response)

. . Gram Growth® ; .

Strain = Sources b DCT" | EA
stam”  BP* CAJ CS CG CPO | GL MO PODC POME| TLD ULO UPO UVO

AS5 CP P + + + + + _ + + + _ + + + + +
AS7 CP P + + + + + + + + + + _ + + + "
AS10 CP P + + o+ - + + o+ + + + - + + + +
AS12 KP P + + - | - + + - + + _ _ ¥ ¥ + +
AS14 KP P + + + - + + + + + + _ + + + +
AS19 KP N + + + - + + + + + + - + + + +
AS22 KP N + - + - + + o+ + + + - + + + +
AS24 KP N + + + - + + o+ + + + - + + + +
AS27 KP N + + + - + + + + + + + + + + +
AS31 KP N + + + - + + o+ + + + + - - + n
AS34 Sp N + + + o+ + + o+ - + + - + + ¥ ¥
AS43 Sp N + + + - + + o+ + + + - + + + ¥
AS46 SA N + + + - + + + + + + - + + + +
AS49 SA N + + + - + + + + + + - + + + +
AS51 SA N + + + - + + + + + + _ + + + +
AS89 SU N + + + - + + + + + + _ + + + +
AS90 SU P + + + - + + + + + + + + + + +
AS91 SU N + + + - + + + + + + _ _ _ + N
AS92 SU N + + + - + + + + + + _ + + + "
AS93 SU N + + + - +— + + _ + + _ + + + +
AS94 SU P + + + - + + + + + + _ + + + +
AS95 TP N + + o+ - + + o+ + + - + + " + +
AS96 TP N + + + - + + + + + + _ _ _ + "
AS97 TP N + + 4+ + + - - + + - + + + +
AS117 TP N - + + |+ + + |+ + + + _ _ _ + _

* See text for details of sampling locations and type of carbon sources; ® Gram stain: P — Gram positive; N — Gram negative; ¢ + biomass
increase more than tenfold compared to the inoculum; - non-growth; ¢ + positive test at least with one carbon source; - negative test with

the five tested carbon sources

vince (KP); 2 factory samples in Satun Province (SA);
1 factory samples in Songkhla Province (SP); 13 factory
samples in Surathani Province (SU); and 3 factory sam-
plesin Trang Province (TP). The samples were collected
in plastic zipper bags and transported to the laboratory
for screening and isolation. Screening was performed
using serial dilutions of the samples and plating on
a minimal salt medium (MSM) (Saimmai et al., 2012a).
MSM agar, with used palm oil (UPO; 1%, w/v) as the car-
bon source, was used for the isolation of bacteria. Mor-
phologically distinct colonies were re-isolated by trans-
ferring them onto fresh UPO-containing agar plates at

least three times, to obtain pure cultures, and were sub-
sequently Gram stained (Holt et al., 1994). Pure cultures
were stored at -20°C in MSM mixed with sterile gly-
cerol at a final concentration of 30%.

Screening of biosurfactant-producing bacteria

One loop of each isolate was transferred to test tubes
containing 5 ml of nutrient broth (NB, Difco, MI, USA)
and shaken (1.45 x g) at 30°C for 18-24 h. Cell suspen-
sions were adjusted to an optical density (OD) of 0.10
+0.05 at 600 nm, and 100 pl of cell culture was transfer-
red to 5 ml of MSM supplemented with 1% (w/v) of diffe
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Halobacteriaceae archaeon EB21 (JF293279)
AS97

| Haloplanus natans JCM14081 (JN206648)
| As96
Acinetobacter gyllenbergii LUH1737 (AJ293692)
AS89
Acinetobacter parvus CHCH:C:1:4#21 (HQ424463)
AS19
Acinetobacter junii NW123 (JF915345)
AS34
Acinetobacter calcoaceticus NBRC12552 (AB680294)
AS117
Marinobacter hydrocarbonoclasticus KJ-W3 (JQ799101)
AS51.

Marinobacter pelagius KJ-W14 (JQ799111)

AS93 .
Pseudomonas oleovorans NBRC13583 (AB680450)
AS24
Pseudomonas fluorescens BCA20 (HE716889)
AS27
Pseudomonas aeruginosa AV2 (JQ839149)
AS22

Serratia marcescens R9-8A (HQ154570)

AS31
Buttiauxella izardii NEHU.FNSRJ.94 (JQ292906)
AS49

Sphingobacterium multivorum TND27 793 (JQ660535)
AS43 .

| Comamonas terrigena BR42 (FJ482015)
I As46

| Stenotrophomonas rhizophila T2j (AB539813)

1 As92

Bacillus mycoides FKS9-207 (AB677940)
IAs14 .

A

0.05

Bacillus licheniformis PUFSTFMPi0O3 (JQ677088)
S10

Bacillus licheniformis RBAO8 (JQ780329)
AS12

Bacillus subtilis BCA31 (HE716900)
AS5

AS7

| Sinorhizobiurm meliloti T2c (AB539807)
I As91

Azorhizobium doebereinerae BR5401 (NR041839)
AS95

|Corynebacterium falsenii 223 (JQ800469)
lAs94

Rhodococcus ruber AM (JQ819733)
AS90

Fig. 1. Unrooted phylogenetic tree based on 16S rRNA gene comparison of the biosurfactants-producing bacteria isolated from
soils contaminated with palm oil from the palm oil industry shown in this study (bold) and the nearest relative in GenBank.
Bootstrap probability values of <50% were omitted from the figure. Scale bar indicates substitutions per nucleotide position.

GenBank accession numbers are given in parenthesis

sources. The following were placed in a rotary shaker
(Vision Scientific, Daejon, Korea) at 30°C and 2.23 x g for
seven days: banana peel (BP); cashew apple juice (CAJ);
commercial sugar (CS); crude glycerol (CG); crude palm
oil (CPO); glucose (GL); molasses (MO); palm oil decan-

ter cake (PODC); palm oil mill effluent (POME); tradi-
tional liquor distillation (TLD); used lubricating oil (ULO);
used palm oil (UPO); or used vegetable oil (UVO). Scre-
ening for biosurfactant-producing bacterial isolates was
performed using a drop collapsing test (Youssef et al.,
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2004) and the small-scale activity test (Plaza et al., 2006;
Ruggeri et al., 2009) of the culture supernatant after
centrifugation at 9.700 x g-at 4°C for 10 min.

Identification of bacterial isolates

Selected isolates were incubated for 48 h at 30°C on
MSM agar supplemented with 1% (w/v) of ULO or GL and
subsequently Gram stained. For 16S rRNA gene am-
plification, selected bacterial isolate chromosomal DNA
was isolated using a Roche kit (Roche Applied Science,
Mannheim, Germany) following the manufacture’s instruc-
tion. The 16S rRNA gene was amplified using the PCR
method with a 1U 7ag DNA polymerase (Bio-Lab Ltd.,
Auckland, New Zealand) and universal bacterial primers
8F (5'-AGAGTTTG ATCCTGGCTCAG-3') and 1492R
(5'-GGTTACCTTGTTACGACTT-3") (Turner etal., 1999).
The following PCR conditions were used: 95°C for
5 min, followed by 25 cycles of 95°C for 1 min, 50°C for
30 s, and 72°C for 1.5 min, followed by 72°C for 5 min.
Then, the DNA fingerprints were electrophoresed for
24 min at 100 V on 1% TAE agarose gel. The gel was
visualized with ethidium bromide under UV light. The
PCR product was purified using the QiAmp PCR purifica-
tion kit (QIAGEN, Inc.) following the manufacturer’s
instruction. The purified PCR was electrophoresed on a
1% TAE agarose gel for 24 min at 100 Volts. The 16S
rRNA gene sequences obtained were aligned with the se-
quences of type strains obtained from GenBank by using
the program ClustalW (Thompson et al., 1997). Se-
quence homologies were examined using BLAST version
2.2.12 of the National Center for Biotechnology Informa-
tion and a consensus neighbor-joining tree was construc-
ted using Molecular Evolutionary Genetics Analysis
(MEGA) Software Version 4.0 (Tamura et al., 2007).
The 16S rRNA gene sequences were submitted to
GenBank with accession numbers as shown in Table 1.

Evaluation of biosurfactant production

Twenty-five selected isolates were evaluated for the
biosurfactant production in 250 ml Erlenmeyer flasks
containing 50 ml of MSM with 1% (w/v) of the selected
carbon sources mentioned in Materials and methods sec-
tion. The isolates were activated by growing them in NB
and shaken (1.45 x g) at 30°C for 18-24 h. Cell suspen-
sions were diluted to ODy, of 0.10, and 5 ml of these sus-
pensions were used as starters. Culture flasks were incu-
bated at 30°C with continuous shaking at 2.23 x g for
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7 days. Cell growth was monitored at 600 nm (spectro-
photometer Libra S22, Biochrom Ltd., Cambridge, Eng-
land). Biosurfactant emulsification activities (EA) of the
culture supernatants, after centrifugation (9.700 x g at
4°C for 10 min), were measured as changes in surface
tension by the duNouy method (Jachimska et al., 1995)
using a ring tensiometer (OS, Torsion Balance, Warwick-
shire, UK). The activity of synthetic surfactants SDS
(Sigma Chemicals Ltd., Missouri, USA) and Tween 80
(Sigma Chemicals Ltd., Missouri, USA) (10 g/l) were
tested at concentrations higher than their critical micelle
concentrations (2.0 g/l and 0.16 g/1, respectively). MSM
medium supplemented with different carbon sources
without inoculums was used as a negative control.

Results and discussion

Isolation and screening
of biosurfactant-producing bacteria

A total of 864 bacterial isolates were isolated inclu-
ding 125 isolates from CP, 287 isolates from KP, 81 iso-
lates from SA, 41 isolates from SP, 251 isolates from SU
and 79 isolates from TP. Seventy-five percent of the bac-
terial isolates (648 of 864) were Gram negative (data not
shown). It has previously been reported that most bac-
teria isolated from hydrocarbon- or oil-contaminated en-
vironments are Gram negative (Bicca et al., 1999; Bo-
dour et al., 2003; Batista et al., 2006; Saimmai et al.,
2012a, 2012c). This may be the characteristic that con-
tributes to the majority of the populations surviving such
stressful conditions (Bicca et al., 1999).

Biosurfactants can only be considered as substitutes
of synthetic surfactants if the cost of the raw material
and the process is minimal. The use of alternative sub-
strates such as agro-based industrial wastes is one of the
attractive strategies for economical biosurfactants pro-
duction and use of different substrates also result in dis-
tinct chemical structure, composition and physical pro-
perties of the obtained biosurfactants (Makkar and Ca-
meotra, 2002). Therefore, unconventional carbon sour-
ces, such as BP, CAJ, PODC, POME and TLD were ap-
plied as the carbon sources for biosurfactant production
in this research. Among the carbon sources tested, CPO
and POME were the best carbon sources for growth and
biosurfactant production from selected isolates. Twenty-
five isolates were positive for biosurfactant production
in at least one of tested methods after 48 h of cultivation
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when they were used as a carbon source. CPO and
POME are one of the most important potential feed
stocks, available in large quantities from the palm oil
refinery factories found in southern Thailand.

Identification, taxonomy and phylogeny
of the biosurfactant-producing bacteria

All of the isolates present in this study were chemo-
heterotrophs with 7 Gram positive and 18 Gram nega-
tive. The morphology of cells and colonies as well as
their biochemical and physiological characteristics were
tested (data not shown). Due to intrinsic limitations, the
biochemical and physiological features can only provide
preliminarily identification (Bizet et al., 1997). The final
identification of strains was accomplished by combining
the alignment results of 16S rRNA sequence analysis
with biochemical and physiological characteristics. Their
sequences were assigned with the NCBI database and de-
posited in DDBJ/EMBL/GenBank with the accession num-
bers (Table 1). All sequences were included for phyloge-
netic analysis, and separated into 15 different phylotypes
based on 16S rRNA sequence analysis (Fig. 1). The phylo-
genetic analysis of biosurfactants-producing bacteria isola-
ted from soil contaminated with palm oil from the palm oil
industry revealed that it contained representatives from
the following bacterial divisions: Archaea, High GC Actino-
bacteria, Low GC Gram positives (Firmicutes), micro-
aerobic of Bacteroidetes and with Proteobacteria with the
largest fraction of detected phylotypes (15 species).

Five isolate sequences were related to the 16S rRNA
genes of members of the genus Bacilluswith the sequen-
ces identity values of 100% (Table 1). In addition, isolate
AS10 and AS12 were almost identical to the 16S rRNA
of B. licheniformis, the other isolates of AS5, AS7 and
AS14 were B. tequilensis, B. safensis and B. cereus, res-
pectively. Four isolates of Proteobacteria (AS19, AS34,
AS89 and AS117) could be assigned to the 16S rRNA-
encoding genes of the genus Acinetobacter. Isolates
AS22, AS24, and AS27 were assigned to the 16S rRNA
of representatives of the genus Pseudomonas with se-
quence identities of 100%. With sequence identities of
100%, isolates AS31, AS90 and AS94 were similar to the
genus Serratia, Rhodococcus and Corynebacterium, res-
pectively.

Acinetobacter, Bacillus, Corynebacterium, Pseudo-
monas, Rhodococcus and Serratia are the common ge-
nera for biosurfactant-producing bacteria which are nor-
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mally isolated from hydrophobic substrate contaminated
samples either from terrestrials or marine sites (Batista
et al., 2006; Ruggeri et al., 2009; Das et al., 2010; Saim-
mai et al., 2012a, 2012c). These genera have also been
described as being more efficient hydrocarbon-degrading
bacteria (Yakimov et al., 2007). Two of the isolates (AS51
and AS93) related to the 16S rRNA sequences of the ge-
nus Marinobacter (similar to M. hydrocarbonoclasticus
and M. Pelagius with sequence identities of 100%, respec-
tively). Marinobacter spp. are reported to degrade hydro-
carbons (aliphatic, aromatic and naphthalene) (Brito et al.,
2006; Yakimov et al., 2007). M. hAydrocarbonoclasticus
SP17 also produces surface active compounds when using
hexadecane as a sole carbon source (Klein et al., 2010).

The remaining 8 isolates, AS43; AS46; AS49; AS91;
AS92; AS95; AS96 and AS97 were similar to the genus
Sphingobacterium, Comamonas, Buttiauxella, Sinorhizo-
bium, Stenotrophomonas, Azorhizobium, Haloplanusand
Halopenitus with sequence identities of 100%, respecti-
vely (Table 1). The genus Sphingobacterium and Steno-
trophomonas has already been described as an effective
biosurfactant-producing strain which reduces surface
tension of culture supernatant to 27.8 and 32 mN/m in
30 h of cultivation (Burgos-Diaz et al., 2011; Patil et al.,
2012). However, the high EA and very poor in surface
tension reduction of S. spiritivorum AS43 (59.52%,
4.0 mN/m) and S. rhaizophila AS92 (66.23%, 3.0 mN/m)
(Table 1) in the present study indicate that they were
high-molecular-weight biosurfactants or bioemulsifiers
rather than low-molecular-weight biosurfactants.

To the best of our knowledge, this is the first study
that describes the following six genera to the list of bio-
surfactant-producing bacteria: Azorhizobium;, Buttiau-
xella, Comamonas, Halopenitus, Haloplanus, and Sino-
rhizobium. The genera of Azorhizobium, Comamonas,
Halopenitus, and Sinorhizobium have already been des-
cribed as extracellular polymeric substances (EPSs) or
biofilm (Bahlawane et al., 2008; Poli et al., 2011) produ-
cing genera. However, no reports can be found on the
biosurfactant production capability of these genera.
EPSs are important in microbial interaction and emulsi-
fication of various hydrophobic substrates (Satpute et al.,
2010). They are known to increase the viscosity of so-
lutions at low pH and emulsify several hydrocarbon com-
pounds. These phenomena can enhance the bioavaila-
bility of hydrophobic compounds, and make them avai-
lable as substrates for microbial growth and metabolite
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production (Perfumo et al., 2010). Finding 15 different
bacterial genera in palm oil refinery industrial sites indi-
cates that there is a wide biodiversity of biosurfactant-
producing bacteria in soils contaminated with palm oil.

Evaluate biosurfactant production
on low-cost fermentative medium

Carbon source plays a key role in biosurfactant pro-
duction by selected bacterial isolates. All of the selected
isolates could produce biosurfactant and gave positive
results with small-scale EA or drop collapsing. In gene-
ral, the carbon source used in bacterial culture can be di-
vided into two categories: water-insoluble carbon sour-
ces and water-soluble carbon sources. Water-insoluble
carbon sources such as vegetable oil or hydrocarbon
compounds are widely used for biosurfactant production
(Banat et al., 2010). In the present study, when water-
insoluble carbon sources, including CPO, UPO and UVO
were used, all tested isolates showed growth. It was
found that 20 isolates produced stable oil-culture super-
natant emulsion and 21 isolates reduced surface tension
of culture supernatant (Table 2). Out of these isolates,
M. hydrocarbonoclasticus AS51 possess the highest EA
(E24) and lowest surface tension reduction with 69% and
36 mN/m when UVO was used as a sole carbon source
(supplementary Table 1).

Among the tested water-insoluble carbon sources,
UVO was found to be a prominent carbon sources for
biosurfactant production (Table 1). The world produc-
tion of vegetable oils is about 2.5-3 million tons/years,
75% of which are derived from plants (Haba et al., 2000).
Most of these oils are used in the food industry, espe-
cially for frying processes, and generate great quantities
of by-products and wastes. The use of economic substra-
tes such as hydrophobic wastes meets one of the requi-
rements to reduce the cost of biosurfactant production.

All of the 25 selected isolates could grow on various
tested soluble carbon sources and 18 isolates were posi-
tive for biosurfactant production by using soluble carbon
sources as a substrate (Table 2). Among them, Sinorhi-
zobium meliloti AS91 produced biosurfactant with the
lowest surfactant tension (32 mN/m) when CAJ was used
as a carbon source (supplementary Table 1). Cashew
apple (Anarcardium occidentaleL.) is a pseudo-fruit rich
in reducing sugars (fructose and glucose), vitamins,
minerals and some amino acids (Honorato et al., 2007).
The cashew tree grows in quite large areas even on poor
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soils with low precipitation rate and is cultivated in 32
countries around the world. Brazil, India, Vietnam,
Nigeria and Thailand are its main producers. Although
cashew apples can be consumed as juice, ice cream and
other edible products, cashew tree cultivation is an agri-
cultural practice that aims mainly at the production of
cashew nuts. The nuts represent only 10% of the total
fruit weight, and large amounts of cashew apples are left
in the field after the nuts are harvested (Neelakandan
and Usharani, 2009). These facts, together with its rich
nutrient composition (e.g., carbohydrate, fibers, vitamins
and minerals salts), make CAJ an interesting and inex-
pensive culture medium for biosurfactant production.

Among 25 selected isolates evaluated for biosurfac-
tant production in flasks by using soluble carbon sources
as a substrate, Serratia marcescens AS31 showed the
highest EA (67%) when BP was used as a carbon source
(supplementary Table 1). Banana is one of the most
abundantly available fruits in tropical countries. World
production of banana is estimated at 48.9 million tons.
The main by-product of the banana processing industry
is the peel, which represents approximately 30% of the
fruit. This by-product poses an environmental problem
because it contains large quantities of nitrogen and phos-
phorus and its high water content makes it susceptible
to modification by microorganisms. The potential appli-
cations for banana peel depend on its chemical compo-
sition. Banana peel is rich in dietary fiber (50% on a dry
matter (DW) basis), proteins (7% DW), essential amino
acids, polyunsaturated fatty acids and potassium (Emaga
etal., 2007). Attempts at the practical utilization of bana-
na by-products include the production of citric acid (Kar-
thikeyan and Sivakumar, 2010), pectin (Emaga et al.,
2008) and ethanol (Arredondo et al., 2009), as well as
production of biomass and metabolites of biotechno-
logical interest (Kokab et al., 2003; Essien et al., 2005;
Osma et al., 2007). Banana peel has also been used as
bioadsorbent of soluble contaminants, such as dyes (Hos-
sain et al., 2012), metals (Memon et al., 2009), and phe-
nolic compounds (Achak et al., 2009). However, there
are no reports describing banana peel for biosurfactant
production so far.

To date, biosurfactants are unable to compete with
chemical surfactants in terms of economics due to their
low yield and higher production expenditures. However,
the selection of high-yield strains and the use of cost-
effective substrates like industrial and domestic wastes,
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provide an appropriate balance in the nutrient contents
required for the microbial population. In the present
study, diversity of biosurfactant-producing bacteria iso-
lated from soil contaminated with palm oil from the palm
oil industry was studied and biosurfactant production
from agro-industrial by-products or wastes was evalua-
ted. The use of cheap raw materials and wastes will con-
tribute to the reduction of production costs. Conse-
quently, the potential applications of biosurfactants on
a commercial scale should be encouraged. In addition,
our data points towards the evaluation of potential ap-
plications of biosurfactants produced by novel strains.
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