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Abstract

Microbial biosurfactants are surface active metabolites synthesized by microbes growing
on a variety of substrates. In spite of having great potential for commercial, therapeutic
and environmental applications, industrial level production has not been realized for
their low yields and productivities. One vital factor determining their biosynthesis
is the genetic makeup of the producer organisms. Studies on molecular genetics and
biochemistry of the synthesis of several biosurfactants have revealed the operons, the
enzymes and the metabolic pathways required for their extracellular production. Sur-
factin, a cyclic lipopeptide biosurfactant is a potent antimicrobial agent and is produced
as a result of non-ribosomal biosynthesis catalyzed by a large multienzyme peptide
synthetase complex called the surfactin synthetase. Pathways for the synthesis of other
lipopeptides such as iturin, lichenysin and arthrofactin are also mediated by similar
enzyme complexes. These non-ribosomal peptide synthetases (NRPSs) responsible
for lipopeptide biosynthesis display a high degree of structural similarity among them-
selves even from distant microbial species. Plasmid-encoded- r4/A, B, R and I genes
of vhl quorum sensing system are required for production of glycolipid biosurfactants
by Pseudomonas species. Molecular genetics of biosynthesis of alasan and emulsan by
Acinetobacter species and of the fungal biosurfactants such as mannosylerythritol lipids
(MEL) and hydrophobins have been deciphered. However, limited genetic information
is available about biosynthesis of other biosurfactants such as viscosin, amphisin and
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putisolvin produced by some strains of Pseudomonas species. Understanding of the
genetic regulatory mechanisms would help to develop metabolically engineered hyper-
producing strains with better product characteristics and acquired capability of utilizing
cheap agro-industrial wastes as substrates. This article thus provides an overview of the
role and importance of molecular genetics and gene regulation mechanisms behind the
biosynthesis of various microbial surfactants of commercial importance.

Introduction

Microbial surfactants or biosurfactants are the surface-active molecules derived from
a large number of microorganisms. These microbially produced surface-active com-
pounds possess the ability to reduce the surface and interfacial tension between two
immiscible fluid phases. They are found in the nature in a wide variety of chemical
structures including glycolipids, lipopeptides and lipoproteins, fatty acids, neutral
lipids, phospholipids, polymeric and particulate lipids. Biosurfactants are different
from synthetic surfactants in being non-toxic, more effective and environment-friendly.
Contrary to the chemical surfactants that are generally produced from petroleum
feedstock, the microbial surfactants can be produced by using a wide variety of cheap
agro-based raw materials. The features that make them commercially superior to their
chemically synthesized counterparts are their stability at extremes of temperatures,
pH and salinity. These properties are desirable in various industrial processes such
as in food processing, pharmaceutical formulations, and enhanced oil recovery and
in environmental bioremediation. Apart from the classical applications (Desai and
Banat, 1997), biosurfactants have also been reported to possess antibacterial, anti-
fungal, antitumor, antimycoplasmic and antiviral properties (Cameotra and Makkar,
2004; Singh and Cameotra, 2004). Due to an increasing concern over the emergence
of various multi-drug resistant pathogens, these molecules have emerged as potential
drug molecules (Das ef al. 2008). In spite of having such clear cut advantages, these
molecules have not been commercialized extensively due to lower yields at the cellular
level. This low level of production roots back to the genetics of these producers strains
and thus, to increase the productivity it is essential to use recombinant and mutant hyper-
producing varieties of microorganisms. Although significant increase in the production
was obtained by optimization of growth medium and environmental conditions (Sen,
1997; Sen and Swaminathan, 1997; Sen and Swaminathan, 2004), the real breakthrough
in their production enhancement can be obtained only by using hyper-producing recom-
binant and mutant varieties, as these have been reported to increase the yield manifolds.
The development and use of these hyper-producers however demands a deep insight
into the genetics of these producers (Mukherjee et al. 2006).

A fairly good number of reviews on microbial surfactants mainly focused on their
types and commercial potential (Banat, 2000), their natural roles (Ron and Rosenberg,
2001) their use in environmental bioremediation (Mulligan, 2005), their production
on cheap substrates (Haba et al. 2000; Nitschke et al. 2005; Dubey and Juwarkar,
2001) and their biomedical and therapeutic properties (Singh and Cameotra, 2004;
Rodrigues et al. 2006) are available. However the genetics of microbial surfactant
synthesis, which is a primary factor determining their productivity, has not been
properly reviewed. The present review serves this purpose by focusing on molecular
genetic regulation for the biosynthesis of a wide variety of microbial surfactants.
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Genetic regulation of biosurfactant synthesis

Biosurfactants having a variety of chemical structures (7able 1) such as lipopeptides
(Arima et al. 1968; Thaniyavarn et al. 2003; Morikawa et al. 1993; Tran et al. 2007,
Rahman et al. 2006; Yakimov et al. 1995; He et al. 2001; Lee et al. 2007; Trischmann
et al. 1994; Hasumi et al. 1995; Gurjar et al. 1995), glycolipids (Kitamoto e al. 1990a;
Kobayashi et al. 1987; Morita et al. 2007; Hisatsuka et al. 1971; Guerra-Santos et
al. 1994; Guerra-Santos et al. 1996; Wu et al. 2007; Patel and Desai, 1997; Robert
et al. 1989; Raza et al. 2007; Mercade ef al. 1993; Benincasa et al. 2002), flavolipids
(Bodour et al. 2004), polymeric and particulate types (Shabtai, 1990; Panilaitis et al.
2006; Cirigliano and Carman, 1985; Ito et al. 1980; Itoh and Suzuki, 1974; Deshpande
and Daniels, 1995; Franzetti et al. 2008; Persson et al. 1988) constitute the major
examples of biosurfactants of commercial importance. These molecules are produced
by both bacteria and fungi (Vance-Harrop et al. 2003).

Among all the biosurfactants reported till date, the molecular biosynthetic regulation
of rhamnolipid, a glycolipid type biosurfactant produced by Pseudomonas aeruginosa
and a lipopeptide biosurfactant called surfactin produced by Bacillus subtilis were
the first to be deciphered. Other biosurfactants whose molecular genetics have been
delineated in the recent years include arthrofactin from Pseudomonas species, iturin
and lichenysin from Bacillus species, mannosylerythritol lipids (MEL) from Candida
and emulsan from Acinetobacter species. The biosynthetic regulation of some other
less known biosurfactants such as alasan, serrawettin, viscosin, amphisin, putisolvin,
hydrophobin, lokisin and tensin are mostly unknown leaving a few isolated reports.
Quorum sensing, a cell density dependent gene regulation process allowing bacte-
rial cells to express certain specific genes on attaining high cell density, regulates
the production of some biosurfactants. It had been reported that low-molecular-mass
signal molecules (such as the furanosyl borate diester Al-2) are involved in biosur-
factant production from different bacteria (Daniels et al. 2004). However, whether
quorum sensing is the environmental cue to biosurfactant production in general is
not known.

Biosurfactants from Bacillus species

The Bacillus species are the most well known as the producers of microbial surfactants.
Lipopeptides, a group of biosurfactants whose structure consists of a fatty acid and
peptide group is produced by this group of microorganisms. Surfactin, the first and the
most well known of the microbial surfactants is a member of this group. The molecular
genetics governing biosurfactant production by Bacillus sp. have been investigated
worldwide in the recent years. In the light of this research a brief description of the
various lipopeptide biosurfactants produced by Bacillus species and the underlying
genetic regulation of their biosynthesis follows:

SURFACTIN

Surfactin, a potent biosurfactant consists of a heptapeptide moiety attached to a fatty
acid chain. Surfactin biosynthesis is catalyzed non-ribosomally by a large multienzyme
peptide synthetase complex called the surfactin synthetase consisting of three protein
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Table 1. Biosurfactants with their microbial sources

Biosurfactants Microbial origin
Bacteria Fungi
Surfactin Bacillus subtilis (Arima et al. 1968) -
Bacillus licheniformis F2.2
(Thaniyavarn et al. 2003)
Bacillus subtilis ATCC 21332
(Nitschke and Pastore, 2003)
Bacillus subtilis LB5a
(Nitschke and Pastore, 2006)
Bacillus subtilis MTCC 1427 and
MTCC 2423 (Makkar and Cameotra, 1999)
Surfactant BL86 Bacillus licheniformis 86 -
(Horowitz and Currie, 1990)
Arthrofactin Arthrobacter sp.MIS38 (Morikawa et al. 1993) -
Viscosin Pseudomonas fluorescens (Neu and Poralla, 1990) -
Plipastatin Bacillus licheniformis F2.2 (Thaniyavarn et al. 2003) -
Massetolides Pseudomonas fluorescens SS101 (Tran et al. 2007) -
Iturin B. amyloliquefaciens B94 (Yu et al. 2002) -
Bacillus subtilis RB14 (Rahman et al. 2006)
Lichenysin A Bacillus licheniformis BAS50 (Yakimov ef al. 1995) -
Lichenysin B, C  Bacillus sp. (Yakimov et al. 1995, Yakimov et al. -
1998, Yakimov et al. 1999)
Bamylomycin B. amyloliquefaciens (Lee et al. 2007) -
Halobacillin Marine Bacillus sp. (Trischmann et al. 1994) -
Isohalobacillin Bacillus sp. A1238 (Hasumi et al. 1995) -
Bioemulsifier Bacillus stearothermophilus VR-8 Candida lipolytica

(Gurjar et al. 1995)

Flavolipid Flavobacterium sp. MTN11
(Bodour et al. 2004)
Mannosylerthritol -
Rhamnolipids Rl Pseudomonas aeruginosa
and R2 (Hisatsuka et al. 1971, Guerra-Santos et al.

Guerra-Santos et al. 1986)

IA 1055 (Vance-
Harrop et al. 2003)

Candida antarctica
lipid (MEL)
(Kitamoto et al. 1990a)
Candida sp. KSM-1529
(Kobayashi et al. 1987)
Pseudozyma antarctica
JCM 10317 (Morita et
al. 2007)

1984,
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Table 1. Contd.

Biosurfactants Microbial origin
Bacteria Fungi
Rhamnolipid P. aeruginosa EM1 (Wu et al. 2007) -

Pseudomonas aeruginosa GS3 (Patel and Desai 1997)
Pseudomonas aeruginosa BS2 (Dubey and Juwarkar 2001)
Pseudomonas aeruginosa 44T1 “0-49
P. putida 300-B mutant (obtained from
Pseudomonas putida 33 wild strain by
gamma ray mutagenesis) (Robert et al. 1989)

Rhamnolipid RL1 Pseudomonas sp. 47T2 NCIB 400044 -
and RL2 (Mercade et al. 1993)
Rhamnolipids (RL, ;)  Pseudomonas aeruginosa strain LBI -

(Benincasa et al. 2002)

Emulsan Acinetobacter calcoaceticus ATCC 31012 -
(RAG-1) (Shabtai 1990)
Acinetobacter venetianus RAG-1 (Panilaitis et al. 2006)

Liposan - C. lipolytica (Cirigliano
and Carman 1985)
Biodispersan A. calcoaceticus A2 (Shabtai 1990) -
Lactonic sophorose lipid - T. bombicola KSM-36
(Ito et al. 1980)
Fructose-lipids Arthrobacter sp., Corynebacterium sp., -
Nocardia sp., Mycobacterium sp. (Itoh and Suzuki, 1974)

Sophorolipids - Candida bombicola

(Deshpande and Daniels
1995)

Bioemulsan Gordonia sp. BS29 (Franzetti et al. 2008) -

Circulocin Bacillus circulans, J2154 (He et al. 2001) -

AP-6 Pseudomonas fluorescens 378 (Persson et al. 1988) -

subunits-SrfA, ComA (earlier known as SrfB) and SrfC. The peptide synthetase re-
quired for amino acid moiety of surfactin is encoded by four ORFs in the srfA operon
namely SrfAA, SrfAB, SrfAC and SrfAD or SrfA-TE. This operon also contains comS
gene lying within and out-of-frame with the s7/B. While SrfAD is not essential for
surfactin biosynthesis, the other three ORFs are absolutely essential for this process
as had been indicated by deletion analysis. However, currently this region is thought
to be involved in the lactonization process (Venkataramana and Karanth, 1989). sfp
is another gene encoding phosphopantetheinyl transferase required for activation of
surfactin synthetase by posttranslational modification. It is absolutely essential for
surfactin production because few mutants had been found which have all the genes
required for surfactin biosynthesis with the exception of sfp. Another gene is that of
acyl transferase which is responsible for the transfer of hydroxy fatty acid moiety to
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SrfAA but it is yet to be characterized (Peypoux et al. 1999). Recently B. subtilis has
been found to regulate surfactin production by a cell density-responsive mechanism
not based on homoserine lactone but utilizing a peptide pheromone, ComX (Menkhaus
etal 1993).

When the cell density is high, ComX, a signal peptide, accumulates in the growth
medium. ComX becomes a signal peptide after being modified by the gene product
of comQ. Quorum sensing controls s7fA expression by ComX which when interacts
with ComP and ComA activates the signal transduction system. The histidine pro-
tein kinase ComP donates a phosphate to the response regulator ComA, which gets
activated and stimulates the transcription of the srf operon. srf transcription is also
activated by the pheromone CSF by inhibiting the ComA-phosphate phosphatase
RapC. Since CSF is an extracellular peptide factor it has to be imported inside the cell
and is done so by the oligopeptide permease SpoOK. ComR and SinR also influence
srfA expression — ComR post-transcriptionally enhances srfA expression and SinR
negatively controls srfA possibly by regulating comR (Cosby et al. 1998; Luttinger
et al. 1996; Liu ef al. 1996).

LICHENYSIN

Lichenysin is formed during growth of Bacillus licheniformis JF2 under both aerobic
and anaerobic conditions (Yakimov ez al. 1995). It lowers the surface tension of water
from 72 mN m to 28 mN m'. Structural genes required for lichenysin synthesis
have been isolated and they show high sequence homology with those of surfactin.
Therefore, it can be expected that the biosyntheses of both of these substances follow
similar pathways. Lichenysin like surfactin is synthesized non-ribosomally by a mul-
tienzyme peptide synthetase complex. Identification of the cloned putative lichenysin
A synthetase operon revealed that it contains seven amino acid activation-thiolation,
two epimerization and one thioesterase domain similar to that of surfactin (Yakimov et
al. 1998). The lichenysin biosynthesis operon from B. licheniformis ATCC 10716 had
been cloned and sequenced. The lichenysin operon consists of three peptide synthetase
genes licA, licB and licC and they are transcribed in the same direction (Marahiel et
al. 1999). The lic operon of B. licheniformis is 26.6 kb long and consists of genes licA
(three modules), /icB (three modules) and /icC (one module). The domain structures
of these seven modules resemble that of surfactin synthetases SrfA-C. The modular
organization of lichenysin synthetases LicA to LicC was also found to be exactly
identical with that of surfactin synthetases. There is another gene called /icTE which
codes for a thioesterase like protein (Yakimov ef al. 1998).

ITURIN

Iturin A is an antifungal lipopeptide biosurfactant produced by certain Bacillus subtilis
strains such as B. subtilis RB14. Iturin A operon is composed of four open reading
frames, ituD, ituA, ituB, and ituC. The ifuD gene encodes a putative malonyl coenzyme
A transacylase, whose disruption results in a specific deficiency in iturin A produc-
tion. The striking feature of ItuA is that the three functional domains homologous to
B-ketoacyl synthetase, amino transferase, and amino acid adenylation are combined.
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The ituB gene encodes a peptide synthetase consisting of four amino acid adenyla-
tion domains, two of which are flanked by an epimerization domain. The ifuC gene
encodes another peptide synthetase that has two adenylation domains, one epimeriza-
tion domain, and a thioesterase domain which probably helps in peptide cyclization.
When the promoter of the iturin operon was replaced by the repU promoter of the
plasmid pUB110 replication protein, threefold increase in the production of iturin A
was observed (Tsuge et al. 2001).

Structural similarity of lipopeptide synthetase genes

The genes responsible for lipopeptide biosurfactant biosynthesis code for non-ribos-
omal peptide synthetases (NRPSs) which are multimodular enzyme complexes. They
display a high degree of structural similarity among themselves e. g. the lipopeptide
production genes from Bacillus and Pseudomonas species show high degree of simi-
larity in structural organization. A comparative illustration of this organization of the
lipopeptide biosynthesis genes are given in Figure 1.

SURFACTIN —> sfA > —> B >>srfc>zrfD><

Glu Leu D-Leu Val Asp D-Leu Leu

ITURIN

ARTHROFACTIN > aftA > —> afB > __—— arfC —

arfpromoter b\ " p.asp D-Thr D-Leu D-Leu D-Ser L-leu D-Ser Llle Llle L-Asp

LICHENYSIN > oA > _— licB = > lcC >

GIn Leu D-Leu Val Asp D-Leu lle

E Epimerization Thiolation H Condensation E ;ﬁ:ﬂgz:)er: 2% Thioesterasel Adenylation ] PPtase

Figure 1. Structural organization of the genes encoding various lipopeptide biosurfactant synthetases. These
genes show a high degree of structural similarity. s7f operon of Bacillus subtilis which codes for surfactin
is more than 15 kb long. It has four ORFs namely s7fA, sr/B, s7fC and s7/D, which codes for the surfactin
synthetase enzyme. It also contains sfp gene encoding phosphopantetheinyl transferase enzyme, required
for posttranscriptional modification of surfactin. Iturin synthetase encoded by ifu operon is 38 kb long
and is composed of four ORFs ituD, ituA, ituB and izuC transcribing in the same direction. The operon
coding for arthrofactin synthetase consists of three ORFs arfA, arfB and arfC which are situated on 38.7
kb long stretch of DNA. Similarly the lichenysin operon that is about 26.6 kb long consists of three ORFs
namely /icA, licB and /icC. The ORFs in these genes consist of multiple regions coding for functional
domains namely, epimerization, adenylation, condensation, thioester formation etc in the corresponding
lipopeptide biosurfactant synthetase enzymes.
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The srf operon of Bacillus subtilis which is more than 15 kb long encodes surfac-
tin synthetase, the three subunits of which employ the thiotemplate mechanism of
nonribosomal peptide synthetases (NRPSs) for incorporation of amino acids into
the lipopeptide biosurfactant. There is an ATP dependant adenylation domain which
activates amino acids, a condensation domain catalyzing peptide bond formation,
epimerization domain epimerizing amino acids before their addition to the growing
peptide chain and a thioesterase domain which cleaves the growing peptide chain.
The folding of the peptide chain is then stabilized by a subsequent intramolecular
lactonization possibly involving a second thioesterase, named srfA-D (Peypoux et
al. 1999).

The iturin operon of Bacillus subtilis RB14 encompassing more than 38kb of DNA
is composed of four open reading frames- ituD, ituA, ituB and ituC. The ituD gene
encodes malonyl CoA transacylase, ifuA has three functional modules homologous
to fatty acid synthetase, amino acid transferase and peptide synthetase, ituB and ituC
has four and two amino acid modules respectively (Tsuge et al. 2001).

The three genes of arthrofactin operon of Pseudomonas: arfA, arfB and arfC encode
ArfA, ArfB and ArfC containing two, four and five functional modules. Each module
has condensation, adenylation and thiolation domains but there is no epimerization
domain (Roongsawang et al. 2003).

The lichenysin operon of B. licheniformis is 26.6 kb long and consists of genes licA
(three modules), /icB (three modules) and /icC (one module). The domain structures of
these seven modules resemble that of surfactin synthetases SrfA-C. There is another
gene called /icTE which codes for a thioesterase like protein (Yakimov ef al. 1998).

Biosurfactants from Pseudomonas species

Pseudomonas species form the second largest group of bacteria producing biosur-
factants. Many strains of Pseudomonas have been reported to produce glycolipids,
especially thamnolipids. Besides rhamnolipids Pseudomonas strains such as Pseu-
domonas sp. MIS38 have also been reported to produce arthrofactin, a lipopeptide
type of biosurfactant. Other biosurfactants produced by Pseudomonas include viscosin
produced by Pseudomonas fluorescens, putisolvin produced by Pseudomonas putida
and amphisin produced by Pseudomonas sp. DSS73. A brief description of the known
genetics and biosynthetic regulation of their production follows.

RHAMNOLIPID: A GLYCOLIPID BIOSURFACTANT

Rhamnolipid is a glycolipid biosurfactant produced by many strains of Pseudomonas.
The structural and regulatory genes encoding the rhamnolipid synthesis pathway had
been isolated and characterized in order to reveal the details of molecular biology
of rthamnolipid production. The knowledge of the complex mechanisms involved
in thamnolipid synthesis thus facilitates the overproduction of these extra cellular
compounds. Furthermore, the transfer of the relevant genes into other species allows
the production of rhamnolipids in heterologous hosts under controlled conditions.
High yield had been obtained on a an industrial scale by continuous cultivation under
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optimized media and growth conditions and using refined methods of cell recycling,
gas exchange and downstream processing (Daniels et al. 2004). The rhl quorum
sensing system in P. aeruginosa regulates the production of rhamnolipid type of bio-
surfactants. Rhamnolipid 1 was obtained from P. aeruginosa KY 4025 culture grown
on 10% alkane (Ochsner et al. 1996). P. aeruginosa S,B, formed rhamnolipid 2 while
growing on n-hexadecane and n-paraffin and it was also the first rhamnolipid to be
identified (Itoh, 1971). Rhamnolipids 3 and 4 were synthesized by resting cells only
(Hisatsuka et al. 1971; Syldatk ef al. 1985a, Syldatk et al. 1985b).

Genetic details of rhamnolipid biosynthesis were obtained from genetic com-
plementation of mutant strain of P. aeruginosa PG 201 with the wild type. Genes
involved in rthamnolipid biosynthesis are plasmid-encoded. 7%/A, B, R and I genes
are required for production of rhamnolipids in heterologous host (Ochsner et al.
1995) and they are transcribed in 5"-72/ABRI-3" direction. According to a proposed
biosynthetic pathway, rhamnolipid synthesis proceeds by two sequential glycosyl
transfer reactions, each catalysed by a different rhamnosyltransferase (Burger et al.
1963). Rhamnolipid 1 synthesis is catalyzed by the enzyme rhamnosyltransferase 1,
an rhlAB gene product, organized in one operon. Both genes are co-expressed from
the same promoter and are essential for rhamnolipid synthesis. RhlA is presumably
involved in the synthesis or transport of rhamnosyltransferase precursor substrates
or in the stabilization of the RhIB protein (Ochsner et al. 1994). The second rham-
nosyltransferase, encoded by 74/C, had been characterized and its expression had
been shown to be co-ordinately regulated with rhlAB by the same quorum sensing
system (Rahim et al. 2001). The r4/R and rhll act as regulators of the rhlAB gene
expression. RhlI protein forms N-acylhomoserine lactones, which act as autoinducers
and influence RhIR regulator protein. A mutant of this bacterium with a defect in 74/l
gene didn’t produce rhamnolipids but production occurred on addition of synthetic
N-acylhomoserine lactone. Induction of ¥42/AB depends on quorum-sensing transcrip-
tion activator RhIR complexed with the autoinducer N-butyryl-homoserine lactone
(C4-HSL). However the induction doesn’t occur in the logarithmic phase of growth
even in presence of RhIR and C4-HSL.

Pseudomonas aeruginosa produces wetting agents since these are required for
colonizing surfaces by swarming motility. 72/A and 2/B mutants showed that swarm-
ing requires the expression of the r4/A gene but does not necessitate rhamnolipid
production. It was also shown that if ammonium is used instead of nitrate as a nitro-
gen source along with an excess of available iron, it decreases rhlA expression and
swarming motility (Deziel ef al. 2003). Another quorum sensing system encoded by
lasR and /as] has an influence on rhamnolipid biosynthesis. The las system is both a
positive and a negative regulator of the rAl system (Pesci et al. 1997). The lasl and
rhil products are N-oxododecanoyl homoserine lactone (OdDHL, 30C ,HSL or PAI-1)
(Pearson et al. 1994) and N-butyryl homoserine lactone (BHL, C4-HSL or PAI-2)
respectively (Winson et al. 1995). The las system regulates the 74l system which in
turn regulates rhamnolipid synthesis.

Rhamnolipid production is promoted by enhanced C/N ratio (Winson et al. 1995)
and inhibited by higher iron concentration (Guerra-Santos et al. 1984; Guerra-Santos
et al. 1986). It had been found that transcription of thIAB genes involves 654 and this
is over-expressed under nitrogen limiting conditions.
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ARTHROFACTIN

Arthrofactin produced by Pseudomonas sp. MIS38, is the most potent cyclic lipopep-
tide-type biosurfactant ever reported. Three genes termed arfA, arfB, and arfC form
the arthrofactin synthetase gene cluster and encode ArfA, ArfB & ArfC which as-
semble to form a unique structure. ArfA, ArfB, and ArfC contain two, four, and five
functional modules, respectively. (A module is defined as the unit that catalyzes the
incorporation of a specific amino acid into the peptide product. The arrangement of
the modules of a peptide synthetase is usually colinear with the amino acid sequence
of the peptide. The modules can be further subdivided into different domains that
are characterized by a set of short conserved sequence motifs.) Each module bears
a condensation domain [C] (responsible for formation of peptide bond between two
consecutively bound amino acids), adenylation domain [A] (responsible for amino acid
recognition and adenylation at the expense of ATP) and thiolation domain [T] (serves
as an attachment site of 4-phosphopantetheine cofactor and a carrier of thioesterified
amino acid intermediates). However, none of the 11 modules possess the epimeriza-
tion domain [E] responsible for the conversion of amino acid residues from L to D
form. Moreover, two thioesterase domains are tandemly located at the C-terminal
end of ArfC. arfB is the gene absolutely essential for arthrofactin production as its
disruption impaired this act (Roongsawang et al. 2003).

VISCOSIN

Viscosin is produced by Pseudomonas fluorescens PfA7B. It acts as a wetting agent
and thus the bacterium becomes able to adhere to the broccoli heads and cause decay
of the wounded as well as unwounded florets of broccoli. Viscosin deficient mutants
obtained by transposon mutagenesis were able to affect wounded broccoli florets
but they are devoid of the ability to decay unwounded ones unlike the wild type
bacterium. Triparental matings of these mutants with their corresponding wild-type
clones and the helper E£.coli HB101 (with the mobilizable plasmid pPK2013) yielded
transconjugants. Their linkage maps indicated that a 25kb chromosomal DNA after
transcription & translation forms three proteins which forms a synthetase complex and
is required for viscosin production. A probe made from this DNA region hybridized
with DNA fragments of other phytopathogenic pseudomonads to varying degrees
(Braun et al. 2001).

AMPHISIN

Amphisin is produced by Pseudomonas sp. DSS73. It has both biosurfactant & anti-
fungal properties and brings about the inhibition of plant pathogenic fungi. The two-
component regulatory system GacA/GacS (GacA is a response regulator and GacS
is a sensor kinase) controls the amphisin synthetase gene (amsY) (Koch et al. 2002).
The surface motility of this bacterium requires the production of this biosurfactant as
is indicated by the mutants defective in the genes gacS and amsY. Amphisin synthesis
is regulated by gacS gene as the gacS mutant regains the property of surface motility
upon the introduction of a plasmid encoding the heterologous wild-type gacS gene
from Pseudomonas syringae (Andersen et al. 2003).
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PUTISOLVIN

Pseudomonas putida PCL1445 produces two surface-active cyclic lipopeptides des-
ignated as putisolvins [ and II. The ORF (open reading frame) encoding the synthesis
of the putisolvins bears amino acid homology to various lipopeptide synthetases
(Kuiper et al. 2004). Putisolvins are produced by a putisolvin synthetase designated
as psoA. Three heat shock genes dnaK, dnaJ and grpE positively regulates the bio-
synthesis of putisolvin (Dubern et al. 2005). The ppul-rsaL-ppuR quorum sensing
system controls putisolvin biosynthesis. ppul and ppuR mutants exhibit decreased
putisolvin production whereas rsal. mutants show enhanced putisolvin production
(Dubern et al. 2006).

Biosurfactants from Acinetobacter species

Acinetobacter species are known to produce high molecular weight biosurfactants -
Emulsan and Alasan. The RAG-1 emulsan of Acinetobacter is a noncovalently linked
complex of a lipoheteropolysaccharide and a protein. The polysaccharide part called
as apoemulsan consists of various sugar components such as D-galactosamine, D-
galactosaminuronic acid and diamino-dideoxy glucosamine. The fatty acids make
12% of this biopolymer and make it amphipathic in nature. The BD4 emulsan of
Acinetobacter calcoaceticus BD4 consists of a repeating heptasaccharide unit com-
prising L-rhamnose, D-glucose, D-glucuronic acid and D-mannose in molar ratios
of 4:1:1:1. On the other hand Alasan produced by Acinetobacter radioresistens is an
anionic, high molecular weight, alanine containing heteropolysaccharide and protein.
A brief description of the biosynthetic regulation of their production is presented in
the following section.

ALASAN BIOSYNTHESIS

Acinetobacter radioresistens KA53 produces alasan, a complex of an anionic polysac-
charide containing covalently bound alanine (apoalasan) and three proteins. It is
released into the extracellular fluid during the stationary phase of the life cycle of
this bacterium. Preparative SDS-PAGE of the alasan complex yielded three proteins
(AlnA, AInB and AInC) of which one i.e. AlnA is of 45kDa in which all the emul-
sification activity was concentrated. alnA gene encodes this protein. Recombinant
protein AlnA had an amino acid sequence homologous to that of E. coli OmpA.
However, E. coli OmpA has no significant emulsifying activity, whereas AlnA has a
specific emulsifying activity higher than that of alasan (Toren et al. 2002). The gene
encoding AlnB was cloned, sequenced and overexpressed in E. coli. Recombinant
AlnB had no emulsifying activity but stabilized oil-in-water emulsion generated by
AlnA. AlnB amino acid sequence has strong homology to the family of antioxidant
enzymes known as peroxiredoxins thus expression of AlnB protects E. coli from toxic
concentrations of organic peroxide. It has been suggested that the bacterium releases
AlnA, AlnB and AInC together as a complex under stressed conditions. The genetic
detail of AInC is awaited to provide further information about the mode of action of
alasan (Rosenberg et al. 2005).
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GENETICS OF EMULSAN BIOSYNTHESIS

Acinetobacter Iwoffii RAG-1 produces a potent bioemulsifier, emulsan. The loga-
rithmic phase cells of this bacterium secrete this compound as a minicapsule on the
cell surface which is however released into the medium as a protein-polysaccharide
complex when the cells reach the stationary state. This release is caused by an esterase
which if removed, a polymer called apoemulsan is formed which can’t bring about the
emulsification of non-polar, hydrophobic, aliphatic materials (Zosim et al. 1986).

A 27kb gene cluster termed wee encodes the genes (wza, wzb, wzc, wzx, wzy) re-
quired for emulsan biosynthesis (Nakar and Gutnick, 2001). It was later demonstrated
that Wzc and Wzb are a protein tyrosine kinase and protein tyrosine phosphatase,
respectively and deletion in either of the two genes gave rise to an emulsan-defective
phenotype (Nakar and Gutnick, 2003).

Acinetobacter venetianus RAG1 also forms emulsan. Removal of the protein fraction
yields apoemulsan, which exhibits much lower emulsifying activity on hydrophobic
substrates such as n-hexadecane. The genes encoding the biosynthetic enzymes
required for the synthesis of apoemulsan had been cloned and sequenced. One key
protein associated with the emulsan complex is a cell surface esterase. The esterase was
cloned and overexpressed in Escherichia coli BL21 (DE3) behind the phage T7 pro-
moter with the His tag system. After overexpression, most of the protein was found in
inclusion bodies. Both the mixture of apoemulsan with the catalytically active soluble
form of the recombinant esterase isolated from cell extracts or the solubilized inac-
tive form of the enzyme recovered from the inclusion bodies, formed stable oil-water
emulsions with very hydrophobic substrates such as hexadecane under conditions in
which emulsan itself was ineffective. A series of esterase-defective mutants was also
generated by site-directed mutagenesis, cloned and overexpressed in E. coli. Mutant
proteins defective in catalytic activity as well as others apparently affected in protein
conformation were also active in enhancing the apoemulsan-mediated emulsifying
activity (Bach et al. 2003).

Biosurfactants from Serratia species

Serratia, a group of gram negative bacteria produces surface active cyclodepsipeptides
known as serrawettin W1, W2 and W3 (Matsuyama et al. 1986; Matsuyama et al.
1989). Different strains of Serratia marcescens produces these different serrawettins
e. g. Serrawettin W1 is produced by strains 274 and ATCC 13880 or NS 38, W2 is
produced by strain NS 25 and W3 is produced by strain NS 45. Besides this Serratia
liguefaciens produces serrawettin W2. Temperature dependant synthesis of two novel
lipids — rubiwettin R1 and RG1 is observed in Serratia rubidaea (Matsuyama et al.
1990).

SERRAWETTIN BIOSYNTHESIS

Serratia marcescens forms a biosurfactant serrawettin W1. A single gene pswP is
responsible for the production of this biosurfactant. This gene has a high homology
with genes of the NRPSs (non-ribosomal peptide synthetases) family. A single muta-
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tion in this gene results in the failure to produce the biosurfactant (Sunaga et al. 2004).
Another serrawettin W1 synthetase putative gene swr was identified through genetic
analysis of serrawettin-less mutants of Serratia marcescens 274. Homology analysis
of this gene demonstrated the presence of condensation, adenylation, thiolation and
thioesterase domains characteristic of non-ribosomal peptide synthetases (NRPS). This
putative serrawettin synthetase gene was uni-modular in contrast to multi-modular
nature of NRPS. This presumed that SwrW may be the simplest enzyme in the NRPS
family (Li et al. 2005).

Serratia liquefaciens MG1 forms a biosurfactant, serrawettin W2. Its synthesis
is catalyzed by a peptide synthetase which is encoded by swrA gene. The popula-
tion density is sensed by a homoserine lactone-dependent quorum-sensing system
consisting of swrl and swrR genes. The swrl gene product catalyzes the formation
of N-butanoyl-L-homoserine lactone (BHL) and N-hexanoyl-L-homoserine lactone
(HHL). The swrl mutant MG44, which is defective in BHL and HHL synthesis, is
impaired in surfactant production. However, addition of exogenous BHL to the growth
medium restores surfactant production. This strongly suggests that the quorum-sensing
mechanism controls the production of a biosurfactant (Lindum ef al. 1998).

Fungal biosurfactants

Various fungi secrete glycolipid type of surface active agents but the genetic basis
of their production is largely unknown. Mannosylerythritol lipids (MEL) were first
isolated from the dimorphic fungus Ustilago maydis and were also detected later
in Candida antarctica, Schizonella melanogramma, and Geotrichum candidum.
Sophorose lipids are secreted by Candida bombicola.

Ustilago maydis produces two kinds of glycolipid biosurfactants, mannosylerythritol
lipid (MEL) referred to as ustilipids (Uchida et al. 1989) and ustilagic acid that are
cellobiose lipids. These compounds are secondary metabolites as is indicated by the
fact that the mutants generated by the deletion of the genes involved in their produc-
tion are not lethal. em?1 and cypl are the two genes involved in the synthesis of these
glycolipids. emt1 is for MEL synthesis and cyp1 is for ustilagic acid production. It is
assumed that Cypl is involved in terminal and/or sub-terminal hydroxylation of an
unusual fatty acid 15,16-dihydroxyhexadecanoic acid which is present in ustilagic
acid.

Trichoderma reesei forms hydrophobins, which are low molecular weight proteins
having high cysteine content and high surface and amphiphilic properties, which is in
the level of commercial synthetic surfactants and other biosurfactants. 4fb1 and Afb2
are the genes regulating the synthesis of hydrophobins. HFBI was shown to be rather
unstable to N-terminal asparagine deamidation and also in some extent to non-specific
proteases while its thermostability was excellent (Askolin et al. 2001).

Concluding remarks

The commercialization of microbial surfactants like any other biotechnological product
is dependant on its production economics which in turn depends on the final yield. At
present, the prices of these molecules are not competitive to that of their chemically
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synthesized counterparts. As these molecules have emerged as potential agents in
many industrial and environmental processes as well as in biomedical and therapeutic
applications, it is essential to make them cost competitive. Genetically engineered
hyper producing organisms giving high yields can bring the real breakthrough in the
production process. This is possible only if the genetics of the microbial surfactant
production is known in details. It is therefore desirable that the future research on
biosurfactants be focused on the development and use of hyperproducers. The detailed
knowledge of the genetics of microbial surfactant production should be used to pro-
duce organisms giving higher production with better product characteristics. With a
better knowledge of the genes involved in this process, biosurfactant production can
be realized in non-pathogenic industrial strains. The knowledge of expression of genes
of a particular biosurfactant producer in a particular habitat will also throw light upon
substrate dependence of production and preference for a particular substrate. Detailed
description of the genetics of production of the newly identified biosurfactants like
flavolipids, tensin and lokisin is not available. Efforts should be made by investigators
to develop high yielding strains of microorganisms producing strong biosurfactants
such as arthrofactin and lichenysin. A few marine biosurfactants have been discovered
(Kalinovskaya et al. 2004) and there is high possibility of finding many other novel
surface active compounds from the marine sources. Many of these are expected to
possess interesting properties as pharmaceuticals and biomedical agents. The knowl-
edge of molecular genetics of microbial surfactant production and its subsequent use
to produce hyperproducers will determine the fate of biosurfactant industry.
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