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Abstract Biosurfactants (BSs) are a class of secondary me-
tabolites representing a wide variety of structures that can be
produced from renewable feedstock by a wide variety of
micro-organisms. They have (potential) applications in the
medical world, personal care sector, mining processes, food
industry, cosmetics, crop protection, pharmaceuticals, bio-
remediation, household detergents, paper and pulp industry,
textiles, paint industries, etc. Especially glycolipid BSs like
sophorolipids (SLs), rhamnolipids (RLs), mannosylerythritol
lipids (MELs) and cellobioselipids (CBLs) have been de-
scribed to provide significant opportunities to (partially) re-
place chemical surfactants. The major two factors currently
limiting the penetration of BSs into the market are firstly the
limited structural variety and secondly the rather high produc-
tion price linked with the productivity. One of the keys to
resolve the abovementioned bottlenecks can be found in the
genetic engineering of natural producers. This could not only
result in more efficient (economical) recombinant producers,
but also in a diversification of the spectrum of available BSs as
such resolving both limiting factors at once. Unraveling the
genetics behind the biosynthesis of these interesting biological
compounds is indispensable for the tinkering, fine tuning and
rearrangement of these biological pathways with the aim of
obtaining higher yields and a more extensive structural varie-
ty. Therefore, this review focuses on recent developments in
the investigation of the biosynthesis, genetics and regulation

of some important members of the family of the eukaryotic
glycolipid BSs (MELs, CBLs and SLs). Moreover, recent
biotechnological achievements and the industrial potential of
engineered strains are discussed.
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Introduction

Secondary metabolites produced by microorganisms consist
of a wide range of molecules, which have found applications
in all aspects of daily human life. One family of secondary
metabolites produced by a wide variety of microorganisms are
biosurfactants (BSs). These surface-active agents are capable
of reducing surface and interfacial tension at the interfaces
between immiscible liquids, solids and gases allowing them to
disperse readily as emulsions in water or other liquids. Their
biodegradability, diverse biological activities and the fact that
they can be produced from renewable resources give them an
advantage over their chemical counterparts and may therefore
make them suitable to (partly) replace chemicals in the future
(Banat et al. 2010; Marchant and Banat 2012). However, two
major factors still limit the real penetration of BSs into the
market: firstly, the limited available structural variety and
secondly, the high production price, which is often linked with
low productivities of the producing organisms. One of the
keys to resolve the abovementioned bottlenecks and to obtain
broad application ofmicrobially derived BSs in the industry, is
a detailed knowledge of the genetics of the producing organ-
isms. Genetic engineering of natural producers could not only
result in more efficient (economical) recombinant producers,
but also in a diversification of the spectrum of available BS,
thus resolving both limiting factors at once.
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BS produced by eukaryotes include polymeric surfactants
like liposan (Yarrowia lipolytica) and mannoprotein
(Saccharomyces cerevisiae), fatty acids like trachyspic-,
decylci tr ic- and spiculisporic acid (Talaromyces
trachyspermus) and polyol lipids (Aerobasidium sp.).
However, the best-studied BSs produced by eukaryotes are
all members of the family of the glycolipids. Despite the fact
that most of these molecules were already discovered more
than half a century ago, the genetic background of their
production and regulation thereof remained largely unknown
for a long time. This is in contrast with other secondary
metabolites produced by eukaryotes for which a load of liter-
ature is available. Generally spoken the genes encoding the
biosynthetic pathways of fungal secondary metabolites can be
found in large genomic gene clusters (Brakhage and
Schroeckh 2011), which are often found near the telomere(s).
These clusters often contain a pathway specific ‘in cluster
regulator’ (e.g., aflatoxin; Woloshuk et al. 1994), while for
others no pathway specific regulator can be found inside the
gene cluster (e.g., penicillin; Martin 2000). Such features were
recently also discovered for eukaryotic BSs. Although numer-
ous reviews are available on (eukaryotic) BS production and
especially on the possible applications of these molecules
(Amaral et al. 2010; Marchant and Banat 2012; Morita et al.
2013b; Rodrigues and Teixeira 2010; Van Bogaert et al.
2007), no reviews specifically dealing with the genetic back-
ground and regulatory networks affecting eukaryotic BS pro-
duction are available yet. However, some important scientific
breakthroughs concerning the genetics of eukaryotic glycolip-
id BS have been achieved the last 5–10 years. Biosynthetic
pathways and corresponding gene clusters are now described
for mannosylerythritol lipids (MELs), sophorolipids (SLs)
and cellobioselipids (CBLs) like ustilagic acid (UA) and
flocculosin (FL). Moreover, some important insights
concerning the molecular regulation of the biosynthesis of
some of these molecules have been obtained and several
biotechnological achievements and opportunities have been
described. Therefore this mini-review focuses on the recent
findings on the genetics and regulation of eukaryotic glyco-
lipid BS. Similar functions in glycolipid biosynthesis are
emphasized in the figures by the color of the structural genes
in the respective gene clusters. Moreover, biotechnological
achievements, opportunities and industrial relevance are
discussed.

Eukaryotic glycolipid biosurfactants: genetics
and regulation

Mannosylerythritol lipids

MELs are produced by a variety of fungal species, e.g.,
Schizonella melanogramma (shizonellin), Pseudozyma sp.,

Ustilago maydis, Kurtzmanomyces sp. and Geotrichum
candidum (Fukuoka et al. 2008; Haskins 1950; Kakugawa
et al. 2002; Kitamoto et al. 1990; Kurz et al. 2003; Rau et al.
2005b), with highest reported yields of 140 g/l with
P. antarctica (Kitamoto et al. 2001a) and 165 g/l with
P. aphidis (Rau et al. 2005a), both under optimal fed-batch
conditions. Amongst MEL producers, the dimorphic basidio-
mycete U. maydis and other ustilaginomycetous yeasts like
P. aphidis, P. fusiformata and P. graminicola (Kulakovskaya
et al. 2005; Morita et al. 2013a) are special, because besides
MELs they also produce a second structurally different class
of glycolipids (CBLs), which will be described in the next
section. MEL (Fig. 1), an extracellular oil heavier than water,
generally consists of a mannosylerythritol disaccharide of
which the mannosyl moiety is acetylated (position R4 and
R6) and acylated with short-chain (C2 to C8) and medium-
chain (C10 to C18) fatty acids (positions R2 and R3).
Depending on the number of acetyl groups, MELs can be
differentiated into four different varieties: MEL-A (fully acet-
ylated), MEL-B and MEL-C (mono-acetylated at R6 and R4,
respectively) and the fully deacetylated MEL-D (Kurz et al.
2003). Advancedmicrobial screeningmethods recently result-
ed in the discovery of a novel type ofMEL (Morita et al. 2011)
and even mannosyl-mannitol–, –arabitol– and –ribitol-lipids
(Morita et al. 2012; Morita et al. 2009).

MELs were the first glycolipids produced by fungi or yeast
for which a biosynthetic gene cluster was discovered (Hewald
et al. 2006). This gene cluster of the smut fungus Ustilago
maydis contains five genes (Fig. 2) encoding the complete
biosynthet ic pathway. The firs t gene encodes a
glucosyltransferase (emt1) responsible for the first step of
the biosynthetic pathway: a stereospecific mannosylation (de-
rived from GDP-mannose) of meso-erythritol at the C4 posi-
tion. A second gene encodes an acetyltransferase (mat1) re-
sponsible for acetylation both at the R4 and R6 positions of the
mannose moiety. The former occurs after specific acylation by
the acyltransferases (mac1 and mac2) at position R2 with a
short chain fatty acid (C2 to C8) or R3 with a medium or long
chain length fatty acid (C10 to C18). These last two enzymes
are highly specific, both in regioselectivity (in contrast to the
acetyltransferase Mat1) as in their preference for the length of

Fig. 1 Molecular structure of mannosylerythritollipids (MELs) produced
byU. maydis (R2, R3=C2–C18 fatty acid and R4, R6=H or COCH3). MEL
A: R4=R6=COCH3; MEL B: R4=H, R6=COCH3; MEL C: R4=
COCH3, R6=H and MEL D: R4=R6=H
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the acyl-CoA cofactor. The secretion of MELs which are only
acetylated at one position indicates that the second acetylation
reaction is significantly slower than the first one.
Alternatively, these intermediates could be the result of gly-
colipid catabolism as was demonstrated for the CBL FL
(Mimee et al. 2009) and SLs (Roelants 2013). The fifth gene
of the cluster encodes a protein of the family of the major
facilitators (mmf1). Deletion of the mmf1 gene leads to com-
plete abolishment of extracellular MEL production, indicating
that the major facilitator Mmf1 is essential for secretion and
that no other secretion systems exist for MELs (Hewald et al.
2006). The lack of MEL production for Δmac1 and Δmac2
mutants was attributed to the selectivity of the transporter
protein and acylation at both positions thus appears to be a
prerequisite for glycolipid secretion (Hewald et al. 2006).
Furthermore, mannosylerythritol has been isolated in signifi-
cant amounts from MEL-producing cells (Boothroyd et al.
1956), but was not found extracellularly, again suggesting that
acylation is necessary for secretion. EST analysis resulted in
the identification of the homologue of the emt1 gene of
Pseudozyma antarctica (Morita et al. 2010b) and genome
sequencing recently resulted in the discovery of the complete
MEL biosynthetic gene cluster of this yeast (Morita et al.
2013c). The genes of this cluster show high levels of identity
to the corresponding genes in U. maydis and was thus sug-
gested to function in the same way as that of the latter. Further
investigation of the genomic analysis and sequence and

development of a gene expression system will enable the
elucidation of MEL biosynthesis in Pseudozyma yeasts in
the future (Morita et al. 2013b).

Expression of all the members of the U. maydis gene
cluster is highly induced under conditions of nitrogen starva-
tion. Although no obvious conserved sequence motifs possi-
bly involved in the co-regulation of the genes are present in
the promoter regions of the cluster genes, several GATA
sequences were found in all of them. This resulted in the
suggestion that a GATA factor homologous to the general
nitrogen regulator AreA from A. nidulans might be involved
in regulation of MEL biosynthesis (Hewald et al. 2006). No in
cluster regulator was identified in theU. maydisMEL biosyn-
thetic gene cluster and the borders of the cluster are thus
defined by mat1 (um03114) and mac2 (um10636). A candi-
date transcription factor possibly specifically involved in the
regulation of MEL biosynthesis in U. maydis is um02717
(Nit1) (Teichmann et al. 2010) (cfr. CBLs).

Cellobioselipids

A small number of basidiomycetous yeasts, mostly
Ustilaginales, secrete CBLs. UA (Fig. 3a) was the first one
to be described (Haskins 1950) and consists of a cellobiose
moiety linkedO-glycosidically to the terminal hydroxyl group
of tri- (2,15,16-) or di- (15,16-) hydroxypalmitic acid. The
sugar moiety is additionally esterified with an acetyl and a
short chain β-hydroxy fatty acid (C6 or C8) (Kulakovskaya
et al. 2010). Titers of 16 g/l of UA have been obtained with
resting cells of U. maydis (Frautz et al. 1986). Production of
CBLs varying in the decorations of the sugar moiety and the
hydroxylation pattern of the lipid tail has since been described
for other fungal species like Pseudozyma graminicola,

Fig. 2 The MEL biosynthetic gene cluster of U. maydis comprising the
glycosyltranferase gene emt1, the mat1 acetyltransferase gene, the mac1
and mac2 genes encoding acyltransferases and the mmf1 gene encoding
the MEL transporter

a b

Fig. 3 Molecular structure of a ustilagic acid (UA) and b flocculosin
(FL), both cellobioselipids (CBL). For UA, the cellobiose moiety is
esterified with β-hydroxy-octanoic or β-hydroxy-hexanoic acid and is

acetylated at only one position, R=H or OH. The cellobiose moiety of FL
is esterified withβ-hydroxy-octanoic acid and acetylated at two positions.
The respective differences are emphasized in the figure
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P. fusiformata, P. flocculosa, P. aphidis, P. hubeiensis,
Trichosporon porosum, Sympodiomycopsis paphiopedili and
Cryptococcus humicola (Golubev et al. 2008; Kulakovskaya
et al. 2004, 2005, 2010; Mimee et al. 2005; Morita et al.
2013a; Puchkov et al. 2002). Amongst them is the fungal
biocontrol agent P. flocculosa, which produces flocculosin
(FL) (Fig. 3b), a rare CBL with antifungal activity (Cheng
et al. 2003), for which titers of 14 g/l have been reported
(Hammami et al. 2008). The lipid tail in this case consists of
a (3,15,16-) trihydroxypalmitic acid. FL is acetylated at the 6′
and 3″ position in contrast with UA, which is only acetylated
at the 6′ position. Another difference is the acylgroup at the 2″
position, which in the case of FL exclusively consists of a C8

β-hydroxyfatty acid (Teichmann et al. 2011a).
Shortly after the discovery of the MEL biosynthetic gene

cluster of U. maydis, a second gene cluster was discovered in
this organism, this time responsible for CBL biosynthesis
(Fig. 4a) (Teichmann et al. 2007). This led scientists to suggest
the existence of a similar cluster in P. flocculosa (Marchand
et al. 2009), which was proven to indeed be the case
(Teichmann et al. 2011a) (Fig. 4b). The two gene clusters
(45 and 60 kb, respectively) are very similar in gene presence
and function and likely evolved from a common origin, which
is also the case for the two described MEL biosynthetic gene
clusters. The respective genes are all involved in CBL pro-
duction, decoration and/or secretion. Biosynthesis is thus very
similar and will hence be described combined for both organ-
isms. In the following description the gene names of
U. maydis will precede the corresponding ones of
P. flocculosa (the reader is referred to Fig. 4 for gene names).
The first step of the CBL biosynthesis consists of the double
hydroxylation of palmitic or β-hydroxypalmitic acid for
U. maydis and P. flocculosa, respectively, at the terminal (ω)
and subterminal (ω-1) positions (cyp1 and cyp2, respectively,
for both organisms). This hydroxylated fatty acid is subse-
quently glycosylated by a glucosyltransferase (ugt1 vs. fgt1) at
the terminal hydroxylgroup by either the sequential addition

of two glucose molecules derived from UDP-glucose or of a
cellobiose moiety as a whole (the latter remains to be deter-
mined) (Teichmann et al. 2011a; Teichmann et al. 2007). This
CBL is subsequently further decorated at position 2″ of the
cellobiose moiety by the action of an acyltransferase (uat1 vs.
fat1). Both clusters contain genes responsible for synthesis
(fas2 for both) and β-hydroxylation (uhd1 vs. fhd1)
(Teichmann et al. 2011b) of this short-chain fatty acid.
Further decoration (acetylation) of the glycolipid at the 6′
position is executed by an acetyltransferase (uat2 vs. fat2).
The presence of an additional acetylgroup at the 3″ position of
FL is caused by the presence of an additional acetyltransferase
gene (fat3) in the FL gene cluster, without homologue in the
UA gene cluster. For U. maydis, the last step in the UA
biosynthetic pathway consists of hydroxylation (ahd1) at the
α-position of the C16 dihydroxy fatty acid of the synthesized
CBL, whereas for FL the hydroxyl group at the β-position is
already present in the substrate (β-hydroxypalmitic acid) be-
fore hydroxylation carried out by Cyp1 occurs. The gene
responsible for thisβ-hydroxylation remains to be discovered,
but it was suggested that β-hydroxy fatty acids could be
derived from de novo fatty acid synthesis (Teichmann et al.
2011a), as is described for rhamnolipid biosynthesis trough
the action of the PhaG enzyme (Deziel et al. 2003; Rehm et al.
1998). Finally, both gene clusters contain an ABC transporter
(atr1 for both) responsible for the export of the respective
CBLs, which is in contrast to the MELs, where the transporter
is a member of the family of the major facilitators. The only two
differences between the two CBL gene clusters — the unique
presence of ahd1 and fat3 in the UA and FL gene clusters,
respectively — thus account for the structural differences be-
tween the produced CBLmolecules. Two putative homologues
of cyp1 of U. maydis were recently isolated from the newly
identified CBL/MEL producers P. aphidis and P. hubeiensis
(Morita et al. 2013a). Moreover, a screening method to activate
silent gene clusters recently resulted in the discovery of a new
kind of CBLs produced by U. maydis (Yang et al. 2013).

a

b

Fig. 4 The CBL biosynthetic gene cluster from a U. maydis (40 kb) and
b P. flocculosa (60 kb) containing two cyp monooxygenase genes cyp1
and cyp2, one glucosyltransferase gene ugt1 vs. fgt1, an acetyltransferase
gene for acetylation at position 6′ uat2 vs. fat2 and a second
acetyltransferase gene fat3 for acetylation at position 3′ of FL. A fatty
acid synthase gene fas2 is responsible for synthesis of the short chain

length fatty acid and uhd1 vs. fhd1 for hydroxylation thereof. The
hydroxylated fatty acid is subsequently attached at position 2″ by an
acyltransferase (uat1 vs. fat1). The ahd1 gene is responsible for α-
hydroxylation of the long chain length fatty acid of UA. An ABC
transporter gene (atr1) is responsible for CBL transport and rua1 vs.
rfl1 are pathway specific ’in cluster’ regulators
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UA biosynthesis in U. maydis occurs under nitrogen star-
vation. Since expression of the first gene of the pathway
(cyp1) was found to be strongly induced under such condi-
tions (Hewald et al. 2005) and several GATA DNA motifs
were also found in the promoter sequences of the UA cluster
genes, regulation of UA biosynthesis was again (~MELs)
suggested to involve direct or indirect regulation by a GATA
factor like AreA (Hewald et al. 2005). However, a very
interesting finding was done by Teichmann et al. (2010) when
they demonstrated the leftmost gene of the UA gene cluster
(rua1) to be an in cluster regulatory protein similar as for other
fungal secondary metabolites. Deletion of rua1 leads to com-
plete loss of UA production, whereas overexpression pro-
motes increased UA synthesis, even in the presence of a good
nitrogen source (Teichmann et al. 2010). Rua1 is thus both
necessary and sufficient to trigger UA biosynthesis, which
indicates that all environmental signals that affect UA biosyn-
thesis are integrated at the rua1 promoter. Moreover, Rua1
acts as a cluster-specific regulator as MEL biosynthesis is not
affected. Rua1 was found to bind directly to a conserved
sequence element present in all promoters of the UA cluster
(except for rua1 itself), which mediates Rua1-dependent ex-
pression of the UA biosynthetic gene cluster in a nitrogen
dependent way. A positive feedback regulation for Rua1 was
suggested, as a point mutation in Rua1 not only results in an
abolishment of UA production, but also in the abolishment of
Rua1 expression. On another level, it was suggested that rua1
expression could be subject to posttranscriptional control as is

described for the global nitrogen regulator AreA in
A. nidulans where AreA mRNA is specifically degraded in
response to intracellular glutamine (Caddick et al. 2006). The
FL gene cluster is flanked by a gene (rfl1) which contains a
C2H2 zinc finger region highly similar to that of rua1 and this
gene is thus most likely an in cluster regulator for FL biosyn-
thesis (Teichmann et al. 2011a). The exact mechanisms regu-
lating the expression of rua1 (and rfl1) remain to be elucidat-
ed, but regulatory proteins that sense global and more specific
nitrogen availability like the U. maydis AreA/Nit2
homolog were suggested. However, the U. maydis Nit2 ho-
molog was recently shown not to be involved in UA biosyn-
thesis (Horst et al. 2012), so other regulatory proteins, e.g., the
homolog of the pathway specific activator Nit4, are likely to
be involved. Another candidate transcription factor possibly
specifically involved in the nutrient control of secondary
metabolism is Nit1 (Teichmann et al. 2010). Nit1 was sug-
gested to be involved in nitrogen dependent transcription of
Rua1. Interestingly, deletion of this gene affects both UA and
MEL biosynthesis in U. maydis. Besides nitrogen limitation,
other factors affecting CBL biosynthesis are the carbon source
(Haskins 1950; Spoeckner et al. 1999) and the cellular stage of
the culture (Hammami et al. 2008; Kitamoto et al. 1992).

Sophorolipids

Glycolipids consisting of a sophorose molecule linked O-
glycosidically to a fatty acid, i.e., SLs (Fig. 5), were first

Fig. 5 Structure of sophorolipids (SLs) produced by S. bombicola in the a acidic and b lactonic conformation and c SLs produced byR. bogoriensis (R=
H or COCH3)
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described in 1961 as glycolipids produced by the yeast
Torulopsis magnolia (Gorin et al. 1961). The hydrophobic
part was identified as 17-hydroxystearate (C18:0) and 17-
hydroxyoleate (C18:1), but also intermediates with 16 C-
atoms were detected (Tulloch et al. 1962). These SLs contain
acetate groups at the 6′ and 6″ positions (Tulloch et al. 1967)
and a macrocyclic lactone structure formed between the 4″
hydroxyl group of the terminal glucose molecule and the
hydroxyl acid carboxyl group can also be present (Tulloch
et al. 1967) (Fig. 5b). Several closely related SL producing
yeasts like Starmerella bombicola (formerly known as
Candida bombicola), C. batistae, C. riodocensis, C. apicola,
C. stellata and Candida sp. NRRLY-27208 (Kurtzman et al.
2010), but also less related organisms like Wickerhamiella
domercqiae (Chen et al. 2006) produce SLs. The highest
reported titers are 422 g/l in a two stage process with
S. bombicola and Cryptococcus curvatus (Daniel et al.
1999) and over 300 g/l using S. bombicola alone (Davila
et al. 1997; Kim et al. 2009; Pekin et al. 2005). Although
these yeasts all produce SLs mainly consisting of a C18:1
hydroxyfatty acid (sub)terminally linked to a sophorose mol-
ecule, a clear diversity of the produced SL mixture was
demonstrated (Kurtzman et al. 2010). Moreover, a different
kind of SLs for which the fatty acid consists of docosanoic
acid (C22:0), attached to the sophorose moiety by internal
hydroxylation of the fatty acid (Fig. 5c) were found to be
produced by Rhodotorula bogoriensis (formerly Candida
bogoriensis) (Tulloch et al. 1968). These similarities and
respective differences are most probably a reflection of the
genetic background of the producing organisms as was dem-
onstrated to be the reason for the structural differences be-
tween UA and FL (cfr. CBLs). Recent screening for SL
producing yeasts resulted in the discovery of a new species
Candida sp. NRRL Y-27208 that produces significant
amounts of novel SLs (Price et al. 2012).

A l though the invo lvemen t o f g lucosy l - and
acetyltranferases in SL biosynthesis of R. bogoriensis was
already described in the early seventies (Esders and Light
1972b), it was only in 2009 that the discovery of a gene
involved in SL biosynthesis by the industrially important
yeast S. bombicola was reported (Van Bogaert et al. 2009).
Today, the complete SL biosynthetic pathway of S. bombicola
is described (Saerens et al. 2011a,b,c) and not unexpectedly
the responsible genes were recently also described to be
grouped in one large subtelomeric gene cluster (Van Bogaert
et al. 2013b) (Fig. 6). Only the gene responsible for the

lactonisation of SLs was found elsewhere in the genome
(Ciesielska et al. 2014) and expression of this gene was also
found to be differentially regulated as the other genes of the
biosynthetic pathway (Ciesielska et al. 2013; Roelants 2013).
The first step in SL biosynthesis consists of (sub)terminal
hydroxylation of a fatty acid (cyp52M1), preferably oleic acid
(C18:1) . In cont ras t to CBL biosynthes is , two
glucosylstransferases instead of one are responsible for sub-
sequent glycosylation of the hydroxylated fatty acid. The first
glucosyltransferase (ugtA1) (Saerens et al. 2011a) is responsi-
ble for the transfer of a first glucose molecule from UDP-
glucose, while the second one (ugtB1) (Saerens et al. 2011c)
specifically transfers a second glucose molecule from UDP-
glucose to the formed glucolipid and not to the hydroxylated
fatty acid as deletion of ugtA1 results in a complete abolish-
ment of SL production. The formed SLs are subsequently
acetylated by the action of an acetyltransferase (at) (Saerens
et al. 2011b) and secreted by an ABC transporter (mdr) (Van
Bogaert et al. 2013b) into the extracellular space, where they
are further lactonised by the action of an only recently iden-
tified cell wall-bound lactonesterase (le) (Ciesielska et al.
2014). The involvement of a lipase-like enzyme in
lactonisation of SLs was already suggested for SLs produced
by Candida apicola (Hommel et al. 1994b) and a similar gene
is probably present in this and other yeasts producing lactonic
SLs, while it is probably absent or not activated for others,
solely producing acidic SLs.

Similarly, as described above for CBL biosynthesis, the
nitrogen and carbon source (hydrophobic and hydrophilic)
and their ratio, as well as the cellular stage of the culture,
influence the production of SLs (Albrecht et al. 1996; Cutler
and Light 1979; Davila et al. 1997; Hommel and Huse 1993;
Hommel et al. 1994a). However, also pH, pO2, the culture
method and the presence of citrate in the culture mediumwere
shown to affect SL biosynthesis (Davila et al. 1997;
Guilmanov et al. 2002; Roelants 2013; Stüwer et al. 1987).
Although SL production by S. bombicola is often described as
a two stage process for which growth and production are
clearly separated (Cooper and Paddock 1984), both the
glucosyltransferases (UgtA1 and UgtB1) and the acetyltrans-
ferase (At) are already active in mid exponential S. bombicola
(Saerens 2012) and R. bogoriensis (Esders and Light 1972a;
Esders and Light 1972b) cell lysates. These results are in line
with the conclusions of Albrecht et al. (1996), which sug-
gested that the enzymes involved in SL formation are, at least
at a low basal level, constitutive and that nitrogen (and/or

Fig. 6 The SL biosynthetic gene cluster of S. bombicola (11 kb) con-
taining a cyp52M1 monooxygenase gene, two glucosyltransferase genes
ugtA1 and ugtB1, an acetyltransferase gene at, an ABC transporter gene

mdr. The lactonesterase (le) responsible for lactonisation of SLs is not
present in the SL biosynthetic gene cluster, but is located at the other side
of the same chromosome
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phosphate) depletion indirectly leads to enhanced SL synthe-
sis through an intracellular citrate accumulation, which is
needed to supply acetyl-CoA for fatty acid biosynthesis.
Clear upregulation of the SL biosynthetic gene cluster of
S. bombicola in the stationary growth phase was recently
demonstrated by transcriptomics (Roelants 2013) and proteo-
mics (Ciesielska et al. 2013), so probably a combined effect
leads to enhanced production of SLs in the stationary growth
phase. Furthermore, similarly as for CBLs the C/N ratio
regulates SL biosynthesis in Rhodotorula bogoriensis
(Cutler and Light 1979) and S. bombicola (Casas and
Garcia-Ochoa 1999). For C. apicola, not only the C/N ratio,
but also the absolute quantity of N was suggested to regulate
SL biosynthesis (Hommel et al. 1994a), whereas for
Wickerhamiella domercqiae a clear regulatory effect of the
type of nitrogen source on SL biosynthesis was demonstrated
(Ma et al. 2011). High glucose concentrations (or C/N ratio)
were shown to be absolutely necessary for upregulation of the
genes of the SL gene cluster of S. bombicola at the tran-
scriptome level (RNA sequencing) (Roelants et al. 2013).
Interestingly, the expression of the gene responsible for
lactonisation (le) was not significantly regulated by absolute
glucose concentrations, which indicates independent regulation
of the le gene in contrast to coregulation of the SL cluster genes.
No ‘in cluster’ regulator is present in the SL gene cluster of
S. bombicola (Van Bogaert et al. 2013b). However, an SL
cluster specific regulator might still exist and several candidates
were found in the S. bombicola genome (Roelants 2013) and
are the subject of continuing research.

Applications and biotechnological
achievements/opportunities for eukaryotic BS

The expanding knowledge of the genetics of BS-producing
organisms is of significant importance as this knowledge
represents the necessary base for the genetic engineering of
BS producers. The latter is indispensable for the development
of enhanced recombinant strains, which may well become
industrial strains. Some of the efforts made in this respect for
the abovementioned BSs in terms of structural variety and
productivity are discussed below. The reader is referred to the
sections above for the respective gene names. The suggested
applications for these (new-to-nature) BSs are only briefly
discussed, and the reader is referred to more extensive reviews
for more information.

Mannosylerythritol lipids

In recent years, the interest in MELs has increased due to their
high biodegradability, mild production conditions and a vari-
ety of biological functions, which will broaden their applica-
tion in new technology areas (Kitamoto et al. 2009; Morita

et al. 2013b). For example, Japanese companies like Kanebo,
Daito Kasei Kogyo Co., Ltd., and Toyobo (SurfMellow®)
have commercialized and patented these molecules as cosmet-
ic ingredients (Kitagawa et al. 2012; Kitagawa and Yamamoto
2009; Morita et al. 2013b). Moreover, Aventis Pharma
Deutschland GmbH published a patent concerning a MEL
(ustilipid) produced by U. maydis DSM 11494 to be used in
the treatment of schizophrenia or diseases caused by dopa-
mine metabolic dysfunction (Vertesy et al. 1998). Other ap-
plications of MEL, such as chemical tools for purification of
proteins or as anti-agglomeration agents of ice-slurry are
known (Kitamoto et al. 2000, 2001b; Im et al. 2003). The first
example of successful metabolic engineering of extracellular
glycolipids produced by yeasts or fungi was the exclusive
production of fully deacetylated MELs (MEL-D) by deletion
of one gene (mat1) of theMEL biosynthetic pathway (Hewald
et al. 2006). An alternative way of producing this compound
(and its diastereomer) was recently shown by (in vitro) lipase-
catalyzed hydrolysis of MEL-B and its respective diastereo-
mer (Fukuoka et al. 2011, 2012). Furthermore, lipase-
catalyzed acylations of MEL-A and MEL-B with uncommon
fatty acids from other microbial glycolipids yielded function-
alized products at the C-1 position of erythritol (Recke et al.
2013a). Hewald et al. (2006) suggested production of fully
acetylated MEL-A through overexpression of this acetyltrans-
ferase as a large fraction of MELs acetylated at only one
position is secreted by wild type U. maydis cells. The impor-
tance of such achievements was stressed as MEL-A has some
interesting properties not shared by the other less acetylated
variants, e.g., a dramatic increase in gene transfection efficien-
cy of liposomes (Igarishi et al. 2006; Yonetani et al. 2005) and
the formation of large vesicles called coacervates (Imura et al.
2004). Secretion of non-acetylatedMELs (Δmat1) and a large
fraction of MELs acetylated at only one position (wild type)
indicates limited specificity of the MEL transporter, which is
typical for members of the large family of major facilitators
and interesting for the production of tailor-made MELs.
Hewald et al. (2005) also attempted to stimulate MEL pro-
duction by overexpressing the glycosyltransferase gene
(emt1) with the arabinose-inducible crg promoter. Although
this is a strong promotor, only weakMEL production could be
observed, which was suggested to be attributed to low glyco-
lipid production in the presence of arabinose as carbon source
(Hewald et al. 2005). Improved MEL production was later
achieved through overexpression of a mitochondrial ADP/
ATP carrier (aac1), which was found to be highly expressed
in MEL producing conditions (Morita et al. 2010a).
Mannosylerythritol compounds have been used for the pro-
duction of diverse products (Desai and Banat 1997) and the
Emt1 protein was therefore also suggested to have some
interesting biotechnological applications (Hewald et al.
2005). Deletion of this gene in U. maydis furthermore results
in strains unable to produce MELs (Hewald et al. 2005),
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which is very important for the exclusive production of CBLs
with this fungus (and others producing both BSs).

Cellobioselipids

CBLs are of interest with respect to the development of novel
biological antifungal preparations (Kulakovskaya et al. 2010).
A biocontrol product (Sporodex ®) based on the conidia of the
basidiomycetous P. flocculosa active against powdery mil-
dews is already commercialized (Jarvis et al. 2007). A patent
of Unilever deals with the use of CBLs (and other glycolipids)
in laundry detergents (Hall and Haverkamp 1991). Only
U. maydis has hitherto been subject to genetic engineering
approaches as no good transformation protocol exists yet for
P. flocculosa (Teichmann et al. 2007, 2011a). Most research
aims for the production of tailor-made CBLs. Expression of
the P. flocculosa fat3 gene in U. maydis for example results in
the production of four additional UA derivatives correspond-
ing to molecules carrying an additional acetyl group as com-
pared to the wild type molecules (Teichmann et al. 2011a).
Furthermore, deletion of ahd1 responsible for α-
hydroxylation leads to secretion of the naturally occurring
UA derivatives lacking the α-hydroxyl group on the long
chain fatty acid, whereas deletion of the cyp2 gene leads to
the secretion of novel UA variants lacking the subterminal
hydroxyl group. Deletion of uhd1 on the other hand only
results in the absence of the β-hydroxyl group of the short
chain fatty acid attached to the distal glucose molecule
(Teichmann et al. 2011b), whereas deletion of uat2 leads to
the production of UA derivatives lacking the acetyl group on
the proximal glucose molecule (Teichmann et al. 2011a). The
Atr1 transporter appears to be quite unspecific, as many of the
UA derivatives that are produced by the mutants are readily
exported, which is important when the production of tailored
molecules is aimed for. Finally, a codon optimized version of
the glucosyltransferase of U. maydis (ugt1) has been used for
tailored CBL production in the SL producer S. bombicola
(Roelants et al. 2013). The high selectivity of cyp1 and cyp2
for hydroxylation either at theω orω-1 position, respectively,
was suggested to be attractive for biotechnological applica-
tions that require regio-specific introduction of hydroxyl
groups (Teichmann et al. 2007). One could use them to
specifically synthesize hydroxylated fatty acids, which have
been reported to be valuable compounds in the chemical and
medical industry (Bitto et al. 2009). The same holds true for
the gene products of uhd1 and fhd1, which exhibit specific
substrate specificity for β-hydroxylation of short-chain fatty
acids. The most exciting finding is the fact that constitutive
expression of the regulator of UA biosynthesis of U. maydis
(Rua1) gives rise to production of CBLs even under non-
inducing conditions (Teichmann et al. 2010). Such a specific
regulator could represent a powerful tool for industrial pro-
duction of CBLs.

Sophorolipids

The efficient production of SLs by S. bombicola resulted in
commercialization of SLs for applications in, e.g., cosmetics
produced by Soliance (Sopholiance), the ecological cleaning
products of Ecover and Wheatoleo (Sophoclean), dishwasher
products of Saraya (Sophoron) and the filing of numerous
patent applications. A review of 255 worldwide patents on
BSs (Shete et al. 2006) demonstrated that 24 % of those acted
on SLs, clearly demonstrating the international commercial
interest in SLs. Due to their biological activity they also find
potential applications as antimicrobial, immune modulating,
antiviral and anticancer agents (Van Bogaert et al. 2007).
Enzymatic or chemo-enzymatic synthesis and/or modification
of SLs to produce customized SL derivatives and/or biopoly-
mers have been the subject of numerous research papers
(Azim et al. 2006; Bisht et al. 1999, 2000; Carr and Bisht
2003; Gross et al. 1999; Imura et al. 2010; Nunez et al. 2004;
Rau et al. 2001; Recke et al. 2013b; Singh et al. 2003), and
several patent applications dealing with such modified SLs
can be found in the patent literature (Giessler-Blank et al.
2009; Gross and Thavasi 2004; Tao 2011). When the com-
plete SL biosynthetic pathway of S. bombicola was discov-
ered, the genetic modification approach was initiated.
Whereas deletion of the gene responsible for the first
(cyp52M1 gene) or second (ugtA1 gene) step in SL biosyn-
thesis results in a complete abolishment of SL production
without any effect on the viability or growth rate of the yeast
cells, deletion of the second glucosyltransferase (ugtB1) re-
sults in the secretion of (acetylated) glucolipids (Saerens et al.
2011c). Acidic glucolipids (and SLs) especially attract atten-
tion because they are asymmetrical bola-amphiphiles that, in
addition to the supramolecular structures they typically form,
have increased chemical versatility as compared to the chem-
ically synthesized symmetrical ones (Zhou et al. 2004). The
ΔugtB1 deletion mutant was suggested to be an interesting
strain as it offers in vivo production of these biomolecules
starting from cheap renewable substrates (Saerens et al.
2011c). Deletion of the acetyltransferase gene (at) results in
the production of exclusively non-acetylated SLs in both the
acidic as lactonic conformation (Saerens et al. 2011b). Such
non-acetylated SLs have attracted attention for applications as
antiviral drugs (Shah et al. 2005) or as starting molecules for
the synthesis of dispersible nanoparticles (Kasture et al. 2007).
However, the yields for these two SL intermediates
(glucolipids and non-acetylated SLs) are a lot lower than those
for the wild type (10 %). The latter could be attributed to
regulatory and/or transport effects and further engineering of
the pathway can possibly alleviate these issues. The described
strains are subject of a patent application (Soetaert et al. 2010)
and Evonik-Degussa also filed a patent dealing with the
engineering of yeast strains for the production of tailored SL
derivatives (Schaffer et al. 2009). Deletion of the gene
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responsible for lactonisation of SLs (Δle) results in the for-
mation of exclusively acidic SLs with varying degrees of
acetylation (Ciesielska et al. 2014). An overexpression strain
of this gene (oele) almost exclusively produces lactonic SLs
(Roelants et al. 2013, unpublished results). In contrast to the
abovementioned recombinant strains (Δat and ΔugtB1), the
yields for the latter two are comparable to the wild type SL
production. Both strains thus represent significant industrial
opportunities as for the wild type SLs post-fermentative puri-
fication steps are required for certain applications where only
one of the SL compounds is specifically required (Marchant
and Banat 2012). Both strains are the subject of a patent
application which was recently published (Van Bogaert et al.
2013a). Another modified S. bombicola strain is protected by
Ecover (Van Bogaert et al. 2011). This strain (Δmfe-2) is
blocked in the β-oxidation of fatty acids to enable the produc-
tion of medium-chain SLs.

Conclusion

This mini-review demonstrates that eukaryotic glycolipid BS
producers show high similarity with each other and with other
fungal secondary metabolites producers, of which the biosyn-
thetic genes are found in large clusters often located near the
telomeres. The latter was proven to represent some regulatory
effects (Shaaban et al. 2010), which might also be the case for
BS gene clusters located near the telomeres. Moreover, for
some of these gene clusters a specific ‘in cluster’ regulator
was discovered. Future advances in genomics, transcripto-
mics, proteomics and metabolomics will enable the further
elucidation of the complete biosynthetic pathways and more
specifically of the regulatory networks affecting eukaryotic
BS biosynthesis. A profound knowledge of the genetics be-
hind BS biosynthesis is part of the necessary base to enable
engineering of the respective producers. This was demonstrat-
ed by the specific production of tailored glycolipids and by the
development of strains with enhanced productivity. As stated
in the Introduction section, these two factors (enhancement of
structural variety and productivity) are indispensable for the
further industrialization of BSs. Although a lot of work still
remains to be done before many of these strains can become
an industrial reality, some of the results described in this
review represent real industrial opportunities. Further elucida-
tion of biosynthetic mechanisms and regulatory networks
involved in yeast glycolipid production will enable more
advanced endogenous and heterologous metabolic engineer-
ing for the economical production of tailored glycolipids. The
latter in combination with the advanced investigation of the
physicochemical properties and possible chemo-enzymatic
modifications of the produced molecules will facilitate further
commercialization of these promising biomolecules. The fact
that large companies like BASF, Evonik-Degussa, Unilever,

Henkel, and Cargill have initiated R&D projects focusing on
green alternatives of chemical surfactants is indicative of the
recent movements in this field and it is expected that the BS
market will grow substantially in the following years
(Anonymous 2012).
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