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Abstract
Sophorolipids (SLs), mainly synthesized by yeasts, were a sort of biosurfactant with the highest fermentation level at present. In
recent years, SLs have drawn extensive attention for their excellent physiochemical properties and physiological activities.
Besides, issues such as economics, sustainability, and use of renewable resources also stimulate the shift from chemical surfac-
tants towards green or microbial-derived biosurfactants. SLs’ large-scale production and application were restricted by the
relatively high production costs. Currently, waste streams from agriculture, food and oil refining industries, etc., have been
exploited as low-cost renewable substrates for SL production. Advanced cultivation method, uncommonly used substrates, and
new genetically modified SL-producing mutants were also designed and applied to improve the productivity or the special
properties of SLs. In this review, a systematic and detailed description of primary and secondary metabolism pathways involved
in SL biosynthesis was summarized firstly. Furthermore, based on the pathways of SL biosynthesis from different carbon
substrates, we reviewed the current knowledge and advances in the exploration of cost-effective and infrequently used hydro-
philic and hydrophobic substrates for large or specialized SL production.
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Introduction

Since the beginning of the new millennium, the development
of economical and sustainable bioprocesses replacing
petrochemical-based synthesis of established products has sig-
nificantly increased. Surfactants based on renewable primary
products, generally called biosurfactants, are one promising
substance class currently under investigation (Maneerat
2005). Sophorolipids and rhamnolipids are biosurfactants of
microbial origin, which show biodegradability, low toxicity,

excellent surface-active properties, and biological activities
(Makkar et al. 2011; Saharan et al. 2011; Van Bogaert et al.
2007; Vatsa et al. 2010).

Sophorolipids (SLs), secondary metabolites mainly secreted
by non-pathogenic yeasts (in contrast to rhamnolipids), are one
of the most promising biosurfactants. Structurally, they are com-
posed of a disaccharide sophorose linked by aβ-glycosidic bond
to a long fatty acid chain (Fig. 1). In fermentation broth, SLs are
synthesized as amixture of slightly differentmoleculeswith three
major points of variation of the lactonization, acetylation pattern,
and the fatty acid part (chain length, saturation, and position of
hydroxylation). The different structural classes cause wide vari-
ation in physicochemical and biological properties. Nowadays,
SLs have been reported to apply in fields such as agriculture,
food, biomedicine, bioremediation, cosmetics, nanotechnology,
and oil (Darne et al. 2016; Oliveira et al. 2015; Oliveira et al.
2014; Shah et al. 2005; Van Bogaert et al. 2007; Van Bogaert
et al. 2011b; Vaughn et al. 2014).

Despite the numerous applications which SLs possess, the
high costs of large-scale production of SLs are still obstacles
for its economic competitiveness. Among them, the synthetic
culture medium and the downstream process may attribute to
60% of the total cost of the fermentative process (Saharan
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et al. 2011). There are two basic strategic options available for
overcoming the obstacles: (a) using low-cost substrates for
culture media preparation and (b) development of efficient
and optimized bioprocesses for SL production and recovery
(high production with maximum recovery) (Oliveira et al.
2014). Carbon source substrates account for 10–30% of the
total cost of SL production medium. SL production will be
significantly high when both the hydrophilic carbon source
and the hydrophobic carbon source are presented in the fer-
mentation medium (Van Bogaert et al. 2007). Choosing cheap
agricultural and industrial wastes instead of commonly used
glucose and rapeseed oil/oleic acid is one of the most effective
ways to reduce the cost. Additionally, the conversion of waste
and renewable resources into biosurfactants and other related
metabolic products through microorganisms will partly solve
a wide range of liquid and solid waste disposal problems
(Huaimin et al. 2018).

At present, some studies on SL fermentation have been
carried out to explore SL production from different cheap or
unusual substrates. Biosynthesis pathway, accumulation rate,
and composition of SLs are obviously different when different
carbon sources are provided. Besides, the yields of SLs are
substantially diverse not only depending on the kinds of car-
bon substrates but also related to the methods of cultivation
(batch, fed-batch, continuous culture, or solid-state fermenta-
tion). Furthermore, not all cheap substrates lead to production
cost reduction effects. Hence, it is critical to investigate the
relationships between SL production and composition from
various substrates and SL bioconversion efficiency through
different pathways.

There have been some reviews on biosynthesis, production,
and application of SLs (Van Bogaert et al. 2007; Van Bogaert
et al. 2011a, b). Generally, based on primary metabolism, SL-
producing yeast undergoes secondary metabolism to synthesize
SLs. The biosynthesis pathway of SLs had been preliminarily
described in the reviews. With further discovery and identifica-
tion of key enzymes in the SL biosynthesis pathway in recent

years, the primary and secondarymetabolism pathways involved
in SL biosynthesis need to be combined. In this review, a sys-
tematic and detailed description of the SLmetabolism network in
yeast was provided. SL biosynthesis and factors affecting SL
conversion efficiency from complex carbon substrates or sole
carbon substrate were also discussed, respectively.

Furthermore, all relevant studies on the effects of carbon
sources utilization, nitrogen sources, and cultivation methods
on the conversion and composition of SLs were organized and
summarized. Based on the pathway of SL biosynthesis from
different substrates, cost-effective alternative substrates were
first divided into two major categories of hydrophilic and hy-
drophobic, then subdivided into four categories of sugars, bio-
diesel co-product of glycerol, food industry wastes, and agri-
cultural biomass wastes in hydrophilic substrates and three
categories of hydrocarbons & alkanols, fatty acids, and oil &
food processing industry wastes in hydrophobic substrates.
Through classification discussion, the effects and mechanisms
of various carbon sources on SL production and composition
were compared and analyzed, which could provide favorable
support for the cost-effective production of SLs by selecting
suitable carbon substrates according to the production area,
source of raw materials, application fields, etc.

Biosynthesis of sophorolipids

SLs are secondary metabolites secreted in the stationary phase
under nitrogen limiting conditions (Davila et al. 1994; Kim
et al. 2009). SL production could be strongly stimulated when
both lipophilic and hydrophilic carbon sources, such as glu-
cose and fatty acid, were present in the medium (Asmer et al.
1988). SL yield is relatively low when only one substrate is
supplied in the medium (Cooper and Paddock 1984). Figure 2
shows the schematic overview of primary and secondary me-
tabolism pathways involved in SL biosynthesis from glucose
and fatty acid.

Fig. 1 Structures of classic SLs in
acidic form (a) and lactonic form
(b)
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When reducing sugars, glycerol, molasses, whey, or ligno-
cellulose are used as hydrophilic substrates, they will be con-
verted to corresponding reducing sugar firstly and broken
down into pyruvate by the glycolysis pathway. Then, pyruvate
dehydrogenase catalyzes the oxidative decarboxylation of py-
ruvate to acetyl-CoA, which enters the Krebs cycle and pro-
vides energy and intermediate metabolites for microbial
growth and metabolism. Meanwhile, part of glucose converts
to activated UDP-glucose for the synthesis of glycogen and
other complex carbohydrates by phosphoglucomutase (PGM)
and UDP-glucose pyrophosphorylase (UGPASE), serving as
the primary composition part of SLs (Oliveira et al. 2014;
Saerens et al. 2015; Van Bogaert et al. 2007; Van Bogaert
et al. 2011b).

For hydrophobic substrates, such as hydrocarbons, long-
chain alcohols, aldehydes, oils, esterified oils, fatty acids,

and fatty acid esters, they will be transformed into fatty acids
by fatty aldehyde dehydrogenase (FAD) or long-chain alcohol
oxidase (FAO) firstly and then enter the SL biosynthesis path-
way. SLs usually have fatty acid residues with 16 or 18 carbon
atoms. The modifications, as the appearance of double bond
or carbon chain length, are performed by the common en-
zymes of fatty acid biosynthesis and do not need the specific
enzymes involved in SL biosynthesis. If the medium contains
no fatty acids, acetyl-CoA derived from glycolysis will con-
vert into fatty acids by de novo synthesis. When only hydro-
phobic substrates are existing in the medium, part of the fatty
acids will be converted to acetyl-CoA by β-oxidation for cell
maintenance (Saerens et al. 2015).

When the two essential components (UDP-glucose and
fatty acids) simultaneously are existing, fatty acids are con-
verted intoω-/ω-1 hydroxylated fatty acid under the catalytic

Fig. 2 Proposed primary and secondary metabolism pathways involved
in SL biosynthesis from glucose and fatty acids (Van Bogaert et al. 2013;
Saerens et al.; Ciesielska et al. 2016). Abbreviations: in the fatty acid
synthesis pathway: ACL: ATP-citrate lyase; ACC: acetyl-CoA carboxyl-
ase; FAS: fatty acid synthase. In the fatty acid oxidation pathway: ACS:
acetyl-CoA synthetase; CPT I and CPTII: carnitine palmitoyltransferase I

and II. In the TCA cycle: PDC: pyruvate dehydrogenase complex, ME:
malic enzyme. In the glycolysis pathway: HK: hexokinase; PK: pyruvate
kinase. In the SL synthesis pathway: PGM: phosphoglucomutase;
UGPASE: UDP-glucose pyrophosphorylase; CYP52M1: cytochrome
P450 monooxygenase, UGTA1 and UGTB1: UDP-glucose-dependent
glycosyltransferase 1 and 2; AT: acetyltransferase; SBLE: lactone esterase
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reaction of cytochrome P450 monooxygenase (CYP52M1).
Then, UDP-glucose is coupled (position C1′) to the hydroxyl
group of the fatty acid and generates glycolipids by
glucosyltransferase I (UGTA1). In a subsequent step, a second
UDP-glucose is coupled to the C2′ position of the first glucose
moiety by glycosyltransferase II (UGTB1) and non-acetylated
acidic SLs are formed. Further modifications are performed by
acetyltransferase (AT) to obtain acetylated acidic SLs at the 6′-
and/or 6″-position (Esders and Light 1972; Saerens et al.
2015). The genes involved in the SL biosynthesis pathway
are found in the gene cluster (Van Bogaert et al. 2013). In
addition to the genes encoding the enzymes of SL biosynthe-
sis, the cluster contains a gene encoding SL transport protein.
Finally, acidic acetylated and non-acetylated SLs are
transported to the outside of cells and further catalyzed to
the lactonized acetylated and non-acetylated SLs by lactone
esterase (SBLE). SBLE is responsible for SL lactonization
and not located in the cluster (Fig. 2) (Ciesielska et al. 2016;
Waele et al. 2018; Saerens et al. 2011a, b; Saerens et al. 2015;
Saerens et al. 2011c).

In summary, although carbon substrates provided in the
medium are different, eventually they can be almost converted
into activated UDP-glucose and long-chain fatty acids, there-
by starting the biosynthesis of SLs. Therefore, it is critical to
explore the pathway and conversion efficiency of different
complex substrates to glucose and fatty acids. SL yield, con-
version efficiency, and production cost are bound to be influ-
enced by the supplied substrates. SL production from different
renewable hydrophilic and hydrophobic substrates or raw ma-
terials reported in the literature is reviewed. The influence of
nitrogen sources and cultivation methods on SLs production is
also compared.

Sophorolipid production from renewable
hydrophilic substrates

Sophorolipid production from various sugars
without or with vegetable oils as co-substrates

Available sugars that have been reported to be used for SL
productionmainly include two broad categories: monosaccha-
rides (glucose, fructose, mannose, etc.) and di- and oligosac-
charides (sucrose, lactose, maltose, raffinose, etc.) (Table 1).
Related research was mainly carried out to investigate and
compare the biosynthesis pathway of SLs. In most cases, glu-
cose and one of a variety of hydrophobic carbon sources are
used as combined carbon sources for SL production.
Moreover, glucose is usually regarded as the reference for
comparing the substitution effects of different hydrophilic
substrates.

When glucose is supplied as a sole precursor, microbes
absorb glucose from the culture medium firstly and then break

them into pyruvate by Embden-Meyerhof pathway (EMP);
some part of pyruvate is converted into new glucose mole-
cules through gluconeogenesis. The other part of pyruvate
produces acetyl CoA under the action of pyruvate dehydroge-
nase. Part of acetyl CoA enters the tricarboxylic acid (TCA)
cycle, providing energy for the growth and primary metabo-
lism of microbes, while others are converted into fatty acids
by de novo synthesis. When other monosaccharides (non-
glucose) are used as the carbon source, the biosynthesis path-
way of SLs is the same as glucose. However, due to the way
and rate of substrate entering the glycolysis pathway, the ac-
cumulation rate of SLs is relatively slow. The EMP is usually
as glucose → glucose-6-phosphate → fructose-6-phosphate
→ fructose 1,6-bisphosphate → 3-phosphoglyceraldehyde
→ dihydroxyacetone phosphate→ 1,3-diphosphoglyceric ac-
id → D-3-phosphoglycer ic acid + ATP → D-2-
phosphoglyceric acid → phosphoenolpyruvic acid → pyru-
vate + ATP. Taking fructose, galactose, and mannose for ex-
ample, their EMP is (1) D-fructose→Fructose-1-phosphate→
glyceraldehyde → glyceraldehyde-3-phosphate + dihydroxy-
acetone phosphate; (2) D-galactose → galactose-1-phosphate
→ glucose-1-phosphate → glucose-6-phosphate; and (3) D-
mannose → mannose-6-phosphate → fructose-6-phosphate,
respectively. Thus, monosaccharides are firstly converted to
glycolysis intermediates to enter the glycolysis pathway.
Catalytic rates and efficiency of intermediate production affect
the accumulation rate of SLs by affecting the efficiency of
entering glycolysis. When di- and trisaccharides are used as
carbon sources, it is necessary that, by enzymatic hydrolysis,
they are converted into the corresponding monosaccharides
which enables them to participate in SL synthesis. Due to
different types of reducing sugars, the pathways and steps of
converting them into new glucose molecules are different ac-
cordingly; the accumulation rates of SLs are not the same
according to the pyruvate production efficiency.

Types of reducing sugars basically do not affect the struc-
ture of SLs. On the one hand, different types of sugars enter
the glycolysis pathway by converting into an intermediate of
pyruvate through the EMP pathway. Pyruvate can be consid-
ered as the starting point of converting to activated glucose
and/or fatty acids. On the other hand, most of the hydrophilic
carbon sources added to the medium are used for microbial
growth and primary metabolism; only part of glucose is trans-
formed into UDP-glucose and incorporated with fatty acid
moieties (Hommel et al. 1994; Saerens et al. 2015; Van
Bogaert et al. 2008).

As shown in Table 1, Göbbert et al. (1984) first described
that glucose was the most suitable sugar for SL synthesis and
monosaccharide was more favorable than trisaccharide and
disaccharide for SL accumulation. Growing cell culture and
resting cell culture basically did not affect the yield and chem-
ical structure of SLs. The energy gained from glucose metab-
olism of resting cells was high enough to synthesis SLs over a
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long period. SL biotransformation studies using 13C-labeled
D-glucose as the sole carbon source by Hommel et al. (1994)
revealed that the glucose moiety of sophorose was synthesized
de novo, and this explained why the replacement of sophorose
moiety by different sugars failed. However, when mixed
substrates like glucose and hexadecane were used, part of
the added glucose would be directly incorporated into the
sophorose moiety of SLs. Klekner et al. (1991) reported that
high yeast extract (YE) concentration can significantly dam-
age the production SLs and change the composition of crude
SLs, whether in glucose-based medium or sucrose-based me-
dium. They also demonstrated that cultivation carried out in a
fermentor or supplied with more air had a greater demand for
nitrogen source and a higher carbon substrate(s) conversion
capacity than in a flask. Lactose without or with vegetable oils
also was explored for SL production. Zhou and Kosaric
(1993) revealed that T. bombicola did not grow when only
lactose was provided, suggesting T. bombicola lacking the
lactose transport systems or lactase. SLs could be synthesized
in the presence of both lactose and olive oil suggesting that oil
had an effect in enhancing either the lactose transport systems
or inducing lactase or both. They also found that lactose in low
concentrations (less than 4.0 %) could promote the biosynthe-
sis of SLs. Glucose with canola oil was the optimum carbon
composition, and the maximum SL production of 160 g/L was
obtained in a 1-L fermentor. Compared with 80% of SL con-
version from glucose with canola oil, only 45% of SL conver-
sion from canola oil with lactose was achieved (Zhou 1995).
In this period, reducing production costs is not the primary
research goal. However, through testing SL production from
different sugars without or with vegetable oils by Torulopsis
bombicola, researchers proved that glucose could be convert-
ed into SLs with the highest conversion efficiency.

Sophorolipid production from co-products of glycerol
without or with hydrophobic substrates
as co-substrates

Biodiesel is generally produced from soybean, sunflower, co-
conut, palm, and rapeseed oil by transesterification with meth-
anol or ethanol. Glycerol is the major inevitable by-product of
biodiesel and does not find many applications compared with
pure glycerol (Koganti 2012). Such low-priced glycerol was
explored as an alternative carbon source to reduce SL produc-
tion costs (Table 2).

Due to the higher osmotic stress created by pure
glycerol and the lack of fatty acid source, only a few
SLs could be produced when pure glycerol was used as
the sole carbon source (Solaiman 2005; Konishi et al.
2018). Just like glucose, the addition of fatty acid es-
ters, vegetable oils, or fatty acids could significantly
enhance SL production from pure glycerol (Ashby
et al. 2006; Bajaj and Annapure 2015). By comparing

cell growth and SL production by Candida bombicola
from glucose or biodiesel glycerol (88% pure) with soy-
bean oil, Koganti (2012) firstly confirmed that biodiesel
glycerol almost showed no inhibitory effect on the cell
growth and SL production. Bajaj and Annapure (2015)
investigated SL production from glycerol and ricinoleic
acid (RA)–rich castor oil. Glycerol with castor oil re-
sulted in lower SL yield than glycerol with oleic acid
due to the bactericidal and fungicidal properties of RA.
Besides, they found that castor oil gave SLs with novel
structures by hydroxylating RA at the ω-1 position but
incorporating into SLs through the already available hy-
droxyl group at the 12th position. Recently, Konishi
et al. (2018) also utilized waste glycerol to selectively
produce acid-form SLs. By combined with alkyl C18
esters, which obtained on-site from oleo-chemical indus-
tries, a final acid-form SL production of 169.0 g/L was
acquired with high-concentration cultivation in a 2-L jar
fermentor using the fed-batch cultivation technique.
Under this condition, the highest SL Yp/s of 56.3%
and SL productivity Pv of 0.939 g/L/h from glycerol
were obtained by Candida floricola ZM1502. Redox
balance in the cell and glucose-caused catabolite repres-
sion of fatty acid assimilation were provided as reasons
for the hydrophobic substrates and glycerol which are
preferable over glucose for efficient acid-form SL pro-
duction. Besides biodiesel, glycerol is readily available
at a lower cost from commercial fat-splitting plants as
sweetwater (14 .4% of glycero l ) . Without any
preconcentration or purification treatment, Starmerella
bombicola could grow on sweetwater and give a com-
parable SL yield with pure glycerol. These works indi-
cated that glucose can be replaced by a biodiesel co-
product of glycerol and further be replaced by the more
cost-effective sweetwater.

Sophorolipid production from hydrophilic food
industry wastes without or with hydrophobic
substrates as co-substrates

Large amounts of wastes, both liquid and solid, are generated
during the process of food production, preparation, and con-
sumption. Food waste management in an environmentally
sustainable manner has become an urgent problem for all the
food industries. Reusing and recycling food industry wastes
and treating wastes for value-added product production can
decrease the cost of food consumption and minimize pollution
hazards. The by-products from food industries are not in a real
sense of wastes, but are sources of sugar, minerals, dietary
fiber, and bioactive compounds and could be used for SL
production. Among them, sugars are of the utmost
importance.
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Sophorolipid production from whey with hydrophobic
substrates as co-substrates

Cheese whey is a by-product of the cheese industry. After the
production of most cheeses, about 50% of milk solid remains
in the whey, including most of the lactose and lactalbumin.
The rising cost of lactose disposal and cost reduction of SL
production encourage studies on cost-effective SL production
from whey (Table 3).

The study of Zhou and Kosaric (1993) first demon-
strated the possibility of using cheese whey for SL pro-
duction. However, T. bombicola could hardly survive
when cheese whey was the sole carbon source. Only a
few SLs could be obtained by the addition of olive oil to
cheese whey; even lactose was consumed quickly.
However, a high production of 280.0 g/L SLs was ob-
tained from deproteinized whey concentrate (DWC-20)
with repeated feeding of rapeseed oil without lactose
consuming in Daniel et al.’s (1998a) work. They as-
sumed that cell growth and SL production only relied
on rapeseed oil. High lipase activity and no β-
galactosidase activity detected in the crude cell extract
supported the assumption that the gluconeogenesis path-
way would be employed when glycerol and fatty acids
from rapeseed oil were used. The high SL yield obtained
was because lactose was not consumed and only lipidic
substrate in the medium was available. It was considered
that these results accord with the work of Asmer et al.
(1988) who showed that the combination of glucidic and
lipidic substrates led to lower SL production compared
with the lipidic/lipidic combination. Then, they devel-
oped a two-step batch cultivation process for SL produc-
tion to lower the lactose content and biological oxygen
demand simultaneously by cultivating Cryptococcus
curvatus ATCC 20509 and C. bombicola ATCC 22214.
However, due to the unfavorable C/N ratio, only 12.0 g/
L of SLs was ob ta ined (Dan ie l e t a l . 1999) .
Subsequently, they described a two-stage fed-batch pro-
cess to overcome low SL output by feeding cheap rape-
seed oil during the production phase. With the great ad-
vantages of total lactose consumption and distinct reduc-
tion of the COD value, the highest SL production of
422.0 g/L with a Pv of 1.029 g/L/h was obtained in a
3-L fermentor (Daniel et al. 1998b). Achlesh and Kannan
(2010b) also inves t iga ted SL product ion from
deproteinized whey, glucose, and oleic acid by
C. bombicola in a 3-L bioreactor with or without pH
control. However, the maximum SL production and Pv
values were only 33.3 g/L and 0.172 g/L/h, respectively,
far away from the data reported above. Although whey
has been successfully utilized as the hydrophilic substrate
for SL production, more studies are still needed to over-
come the batch variability problems.

Sophorolipid production from molasses without or
with hydrophobic substrates as co-substrates

Soy molasses, containing about 30% of fermentable carbohy-
drate, is a by-product of soybean oil processing. The major
soluble carbohydrate components of molasses are glucose,
arabinose, sucrose, raffinose, stachyose, and other oligosac-
charides (Makkar et al. 2011). Molasses from refining sugar-
cane or sugar beets into sugar are composed of water, carbo-
hydrates, vitamin B6, and several dietary minerals but do not
contain protein or fat. The main components of molasses
make it suitable for being used as ingredients for the econom-
ical production of SLs (Table 4).

Solaiman et al. (2004) was the first to employ soy molasses
for SL production in a fed-batch fermentor. Then, they dem-
onstrated the applicability of the low-cost soy molasses as
combined nitrogen and carbon sources with oleic acid for
SL production (Solaiman et al. 2007). Besides, 97% and
87% of the obtained SLs from soy molasses and oleic acid
were in lactone form, which suggested that soy molasses was
beneficial to produce lactonic SLs. Achlesh and Kannan
(2009) reported the production of SLs from a cheap fermen-
tative medium containing sugarcane molasses, yeast extract,
urea, and soybean oil in both flask and bioreactor by
C. bombicola. SL production showed a trend of initial
increase and then decrease in the bioreactor because of the
substrate limitation. The maximum SLs of 63.7 g/L and Pv
of 0.531 g/L/h could be achieved after 120 h of cultivation.
Daverey and Pakshirajan (2009) optimized the sugarcane
molasses and soybean oil concentrations along with physical
parameters of temperature, agitation, inoculum size, inoculum
age, and pH control to enhance SL production. They also
found that costly glucose and nitrogen sources of yeast
extract and urea could be replaced by sugarcane molasses,
almost without the decrease in SL production. Makoto et al.
(2011) investigated the biosurfactant-producing capability of
15 yeast strains by cultivating them in the medium consisting
of only sugarcane molasses and water. The results showed that
only S. bombicola NBRC 10243 could excrete biosurfactant
of SLs from the sole sugarcane molasses medium. Moreover,
the feeding of the molasses in the fermentor could
significantly increase the production of SLs. Minucelli et al.
(2016) reported that only relatively low SL yields could be
obtained from sugarcane molasses or sugarcane juice as the
hydrophilic source and chicken fat or sunflower oil as the
hydrophobic source. They considered that low concentrations
of glucose (4%) in sugarcane molasses and sugarcane juice
resulted in the less efficient production of SLs. At low glucose
concentration, part of the fatty acids available is targeted for
cell maintenance but not for biosurfactant synthesis (Van
Bogaert et al. 2007). For economic reasons and the verifica-
tion of the capabilities of the organism of C. bombicola, low
market honey was selected for SLs production by Pekin et al.
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(2005). They designed a special two-stage fed-batch cultiva-
tion, and eventually an SL concentration of above 400.0 g/L
with the highest Pv of 0.917 g/L/h frommolasses was obtained
in a 3-L bioreactor. SLs are conventionally largely produced
from glucose and oleic acid by submerged fermentation
(SmF). Recently, Jiménez-Peñalver et al. (2018) demonstrated
an alternative fermentation approach of solid-state fermenta-
tion (SSF) to produce SLs with stearic acid (C18:0) and sugar
beet molasses. During this SSF process, the media cost was
reduced by replacing glucose and nitrogen source with sugar
beet molasses and the problems of foaming and high viscosity
were avoided. Interestingly, the produced SLs by SSF from
sugar beet molasses also were mainly composed of lactonic
SLs. The studies mentioned above confirmed the potential
ability of molasses and related substrates for SL production
by different cultivation methods. However, it still requires the
interdisciplinary effects and research to make mass production
of SLs to be full realization.

Sophorolipid production from hydrophilic agricultural
biomass wastes without or with hydrophobic
substrates as co-substrates

Population growth and living standard improvement lead to
intensive agriculture, which in turn leads to a rapid increase in
the amount and types of agricultural biomass wastes.
Management of agricultural biomass wastes from wheat, rice,
corn, sorghum, etc., are contributing towards both environ-
mental protection and economic benefits. Some studies on
converting agricultural biomass wastes to the cost-effective
product of SLs have been carried out (Table 5).

Ma et al. (2014) demonstrated a conversion process from
lignocellulosic material of delignined corncob residue
(DCCR) to SLs by Wickerhamiella domercqiae var.
sophorolipid CGMCC 1576 (now known as S. bombicola
CGMCC 1576) and C. curvatus ATCC 96219 for the first
time. In the work, glucose, oleic acid, and yeast extract were
replaced by delignined corncob residue hydrolysate
(DCCRH), single cell oil (SCO) and single cell protein
(SCP), respectively. The introduction of DCCR for SL pro-
duction broadened the range of utilization of low-cost
substrates and helped to promote SL fermentation on a large
scale. Due to the fact that lignocellulosic material pretreatment
will produce wastewater and accordingly increase the total
production cost of SLs, Masaaki et al. (2015) developed a
simple process for lignocellulosic biomass saccharification
and an effective cultivation protocol to increase the cost effi-
ciency of SL production. Under optimal conditions, a relative-
ly high SL production of 49.2 g/L with the highest Pv of 0.513
g/L/h was obtained from the corncob hydrolysate (CCH) me-
dium by batch cultivation in a 1-L fermentor. Subsequently,
Samad et al. (2015) reported SL production on hydrolysates
derived from sweet sorghum bagasse and corn fiber. The

results demonstrated that sorghum bagasse gave a higher yield
of SLs than corn fiber. The highest SL production of 84.6 g/L
with a SL yield YP/S of 0.423 g/g was achieved from sorghum
bagasse hydrolysates with the addition of soybean oil. In
keeping with the results of Ma et al. (2014), they also found
that the addition of yeast extract to hydrolysate medium only
led to slightly better cell growth but no promotion to SL pro-
duction (Samad 2015). By employing a novel pretreatment
method of the SO3 microthermal explosion, Liu et al. (2016)
further deceased the production of wastewater and increased
the yield of SLs. The highest SL yield of 53.7 g/L with the
highest YP/S of 0.448 g/g was acquired under the YE concen-
tration of 0.15% in flask by W. domercqiae. The yeast could
also survive and produce a considerable amount of SLs even
when there is no extra nitrogen source added to the
hydrolysate medium due to the existing residual cellulase
used in the hydrolysis process. Recently, Samad et al. (2017)
reported SL production on bagasse hydrolysate combined
with yellow grease and corn stover hydrolysate combined
with soybean oil. Among them, bagasse hydrolysate was de-
rived from a simple acid pretreatment and corn stover hydro-
lysate was developed from an extensive alkaline-based pre-
treatment procedure.

As mentioned above, lignocellulosic-rich agricultural resi-
dues could be employed for the cost-effective production of
SLs. SLs are mainly achieved by hydrolyzing lignocellulose
with cellulase to obtain glucose-rich hydrolysate to replace
glucose for yeast growth and SL production. However, several
problems still exist in lignocellulose utilization: (1) the
sources of different lignocellulosic materials are greatly affect-
ed by seasons and regions. (2) All of the lignocellulosic bio-
mass is rich in lignin, which needs to be deprived before use to
improve saccharification efficiency. Raw lignocellulosic bio-
mass pretreatment increases the production cost of alternative
carbon substrates. (3) To seeking for higher SL productivity,
hydrolysates need to be detoxified to reduce the inhibitor and
improve the utilization of fermentable sugars, which in turn
increases the production cost of SLs to a certain extent. Hence,
many aspects should be taken into consideration before SL
industrial production using these biomass conversion
processes.

Sophorolipid production from diverse hydrophobic
substrates

Sophorolipid production from alkanes, alkanols,
and alkanones without or with hydrophilic substrates
as co-substrates

Alkane, alkanol, and alkyl ketone, especially with the carbon
chain length from 12 to 20, had been reported as the hydro-
carbon and alkanol stocks for SL production. The use of un-
conventional hydrophobic carbon sources could help to obtain
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some novel glycolipids. In the biosynthesis pathway of SLs,
glucose connected to fatty acid at the ultimate or penultimate
carbon through the action of cytochrome P450 and it is this
step that determines the range of C16 and C18 aliphatic chains
which are readily converted into SLs.

In the biosynthesis pathway of SLs from hydrocarbons,
hydrocarbons in the range of C16 and C18 are firstly convert-
ed into fatty acids under the catalysis of the aldehyde
dehydrogenase/fatty alcohol oxidase (ALDH/FAO). Then,
the newly formed fatty acids are converted to hydroxy fatty
acids by cytochrome P450 monooxygenase, and directly used
for SL production. Fatty acid chains that fall short of this C16
and C18 range will be used as the energy source for cell
growth and primary metabolism through β-oxidation and glu-
coneogenesis. Longer fatty acid chains will be shortened until
they reached an adequate length. Hence, new-to-nature SLs
could result if a lipophilic substrate has already been suitably
oxidized.With a view from this aspect, different hydrocarbons
and alkanols were mainly applied for novel SL production
(Table 6).

To investigate whether sugar or hydrocarbons determine
the hydrophilic moieties of SLs or not, Göbbert et al. (1984)
incubated the resting cells with octadecane/paraffin S in a
buffer medium. However, the results showed that both the
sugar and hydrocarbon did not influence either the
composition of the hydrophilic nor the lipophilic moiety of
SLs. Davila et al. (1994) determined the influence of the car-
bon number of long-chain n-alkane on SL production. The
results showed that SL production increased with the number
of carbons of n-alkane tested. Fermentations on C16 and C18
alkanes were several-fold higher than those on C12 and C14
alkanes. Lower SL performances of C12 and C14 alkanes
were accounted to the requirement of alteration into hydroxy
acid moiety before their incorporation. Contrasting to SL pro-
duction from hydrocarbon with resting cells (Göbbert et al.
1984), lipidic compositions of SLs obtained from alkanes
were largely influenced by the nature of lipidic precursors
with SmF (Tulloch et al. 1962). SL products were discrimi-
nated according to their carbon number, unsaturation degree,
and hydroxy group location. Only hydrophobic substrates of
C16 and C18 alkanes could be incorporated in hydroxy acid
moieties without changing the length of the carbon chain. A
large portion of hydrophobic substrates with shorter carbon
chains would be extended by 2, 4, or 6 carbons before incor-
porated. The site specificity of hydroxylation (terminal or sub-
terminal) was also influenced by the length of the fatty acid
chain. The higher the number of the carbon chain, the lower
the terminal-hydroxylation ratio.

Studies on the successful production of SLs with high
structural diversity by wild strains are rare. Only Jones
(1968) showed that Torulopsis gropengiesseri could synthe-
size glycolipids with mono- and dihydroxy alkane compo-
nents under the consumption of glucose and 2-alkanols/2-

acetoxy alkanes/methyl-branched alkanes. However, the
chain length of the obtained SLs was not shorter than 16 C
atoms. To produce acid-free and short-chain SLs, Brakemeier
et al. (1995) investigated the production and types of SLs
using glucose and 2-alkanols with 12, 14, and 16 carbon
atoms by C. bombicola. Compared with glucose as the sole
carbon source, 2-alkanols could significantly increase SL pro-
duction and slightly inhibit yeast growth. Moreover, 2-alkanol
was found as the major hydrophobic moiety (>75%) of the
three newly formed acid-free SLs differing only in acetylation
degree. Besides, additional monooxygenation of the alcohol
led to the incorporation of 2,(ω-1)-alkandiol and glycolipids
with up to four glucose units were obtained. Brakemeier et al.
(1998a) reported the use of 2-dodecanol for novel glycolipid
production. Due to the fact that one part of the racemic sec-
ondary alcohol was directly connected with glucose or
sophorose unit, 22.0 g/L of novel alkyl glycolipids containing
glycosidically/esterically bound ω- or (ω-1)-hydroxy C16 or
18 fatty acid was successfully obtained. Because of the high
cost of secondary alcohols, Brakemeier et al. (1998b) contin-
ued their studies by employing primary alcohol and some
alkanones for novel types of SL production. The results
showed that the primary alcohol of 1-dodecanol was directly
transformed into glycolipids and novel surface-active SLs
with glycosidically linked primary or secondary fatty alcohols
were secreted. Cavalero and Cooper (2003) investigated the
effects of alkane substrates on the structure and physical state
of SLs byC. bombicola. When alkanes and glucose were used
as carbon sources, SL yields increased with chain lengths in-
creased from 12 to 16 and then decreased with chain lengths
increased from 17 to 20. They also found that the amount of
direct incorporation increased with increasing chain length to
a maximum for pentadecane, hexadecane, and heptadecane.
As the length of the alkane substrates increased further, the
amount of direct incorporation then decreased until there was
no apparent incorporation for eicosane. SL production was
also carried out from lauryl alcohol C12-14 and glucose by
C. bombicola (Dengle-Pulate et al. 2014). The primary char-
acterization of the obtained SLs depicted the presence of alkyl
sophorosides/SLs. Moeover, the antimicrobial activity of
these SLs is remarkably better compared with SLs produced
from oleic acid or linolenic acid.

As mentioned above, the naturally occurred SLs synthe-
sized by C. bombicola possess little variation in the length
of the lipid tails. To obtain novel SLs with shorter chain
lengths to improve their water solubility and increase the
range of their applications, Van Bogaert et al. (2010b) blocked
the β-oxidation pathway of SL synthesis on the genome level
by knocking out the multifunctional enzyme type 2 (MFE-2)
gene. Several knockout mutants with the correct genotype and
phenotype were obtained and evaluated with fermentation on
1-dodecanol. They reported that clearly better SL yields of
2.2~3.1 times higher than wild type for all mutant strains were
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obtained. The best-performingMFE-2 negativeC. bombicola,
designated as C. bombicola M30, was selected to convert 1-
dodecanol into medium-chained SLs, subsequently. However,
only 15.0 g/L of medium-chained SLs was obtained from 1-
dodecanol by this β-oxidation-deficient strain (Fleurackers
et al. 2010). Van Bogaert et al. (2011a) described two strate-
gies to break the limitation of C16–C18 fatty acids of SLs.
One was avoiding the controlling effect of the P450 enzyme
by adding already hydroxylated substrates. The other was
employing a hydrophobic substrate with a stearic acid–like
structure or chain length, which could be hydroxylated by
cytochrome P450 and incorporated into SL molecules. The
results demonstrated that 1,12-dodecanediol could be utilized
for medium-chain SL production successfully. Due to the
symmetric character of 1,12-dodecanediol, glycolipids with
sophorose units introduced at both sites were also obtained.
The use of unconventional stearic acid–like substrates opened
perspectives of the production of new-to-nature glycolipids.
Blocking the β-oxidation pathway could also achieve higher
production of medium-chain length SLs (Van Bogaert et al.
2010b). In the S. bombicola genome, FAO1 plays a major role
in the long-chain alcohol oxidation pathway. Takahashi et al.
(2016) reported that the KSM-fao1Δ strain with disruption of
the FAO gene could efficiently produce novel glycolipids from
primary alcohols of 1-tetradecanol. The deletion of FAO1
could improve the production of tetradecanol-based SLs and
tetradecanediol-based SLs from 0 to 16.9 and 46.2%,
respectively.

The main purposes of these studies are altering the struc-
tures of SLs, rather than to increase SL production or reduce
costs. Both strategies of enzyme-targeted substrate supple-
ment and gene recombination have been successfully applied
for the production of SLs in special structure. However, more
works are required to overcome the problems associated with
productivity increase and cost reduction.

Sophorolipid production from fatty acids without or
with hydrophilic substrates as co-substrates

Fatty acids, including oils, esterified oils, fats, and fatty acid
esters, are defined as feedstocks carrying or containing a struc-
ture of fatty acid. Depending on the length of the carbon chain,
fatty acids are divided into short-chain, medium-chain, and
long-chain fatty acids. As the secondary carbon source, fatty
acid plays an important role in the pathway of SL biosynthe-
sis. When the fatty acid is used as the sole carbon source,
partial fatty acid enters the Krebs cycle to synthesize glucose,
providing energy for biological metabolism and performing as
the hydrophilic substrate for SL biosynthesis. Another part of
fatty acid is converted toω-/ω-1 hydroxy fatty acid under the
catalytic of cytochrome P450 monooxygenase, providing a
direct hydrophobic substrate for SL biosynthesis. Similarly,
the lengths of fatty acids in natural formed SLs mainly are

16 and 18. Fatty acids with longer carbon chains or branched
fatty acids are degraded by β-oxidation, while shorter fatty
acids are extended to 16 or 18 carbon atoms for the effective
synthesis of SLs (Felse et al. 2007).

The reported renewable fatty acids used for SL production
mainly divided into plant oils, animal fats, and fatty acid es-
ters. Safflower oil, corn oil, soybean oil, sunflower oil, rape-
seed oil, palm oil, coconut oil, grape seed oil, olive oil, linseed
oil, germ oil, jatropha oil, karanja oil, neem oil, meadowfoam
oil, and other vegetable oils had been applied for SL fermen-
tation. Fatty acid esters, especially esters of plant oils, like
stearic acid methyl stearate, sunflower fatty acid methyl ester,
palm oil fatty acid methyl ester, linseed fatty acid methyl ester,
soybean oil fatty acid methyl ester, rapeseed fatty acid ethyl
ester, soybean oil fatty acid ethyl ester, and soybean oil fatty
acid propyl ester, were also developed for higher production
of SLs. Besides, animal fats such as fish oil, beef tallow,
chicken fat, and other animal oils were also employed for
SL biosynthesis (Table 7).

Cooper and Paddock (1984) investigated the influence of
carbohydrates and vegetable oils on the production of SLs by
T. bombicola. They considered that both the yield and com-
position of SLs would not be essentially affected by various
vegetable oils as the sole carbon source, just as the results
reported by Göbbert et al. (1984). However, when two carbon
sources are provided in the medium, the composition of the
two crude SL products was different. Interestingly, they found
that T. bombicola cultivated in oleic acid alone led to a signif-
icantly higher yield than that from glucose and oleic acid
(Asmer et al. 1988). Davila et al. (1994) reported that oils or
esters rich in C18:1 and C18:0 fatty acids contributed better
SL production performances. In the cases of rapeseed, sun-
flower, and palm oils, enhanced productions were obtained
from their esters because the esters were easily hydrolyzed.
Ethyl/methyl esters of rapeseed oil were beneficial to the high
yield of SLs than fatty acids or oils by C. bombicola. SL
production values of 320, 340, and 317 g/L with high Pv
values of 1.684, 2.031, and 1.921 g/L/h were obtained from
ethyl/methyl esters of rapeseed oil with glucose by cultivation
of fed-batch, continuous fed-batch, and two-step process fed-
batch in a 4-L fermentor, respectively (Davila et al. 1992;
Davila et al. 19924; Davila et al. 1997). Additionally, oil-
based SLs always exhibited a higher level of diacetylated lac-
tones than that from corresponding esters. Moreover, SLs ob-
tained from polyunsaturated fatty acid–predominated sun-
flower oil and linseed oil contained increased levels of acidic
classes of SLs while SLs from stearic acid or oleic acid were
lactonic class–predominated (Davila et al. 1994).
Furthermore, they found that the substrate feeding condition
markedly affected the acetylation extent of sophorose and dis-
tribution of the acidic and lactonic forms (Davila et al. 1997).
Besides esters of rapeseed oil, refined rapeseed oil was also
conductive for SL production. SL production of more than

Appl Microbiol Biotechnol (2020) 104:77–100 91



Ta
bl
e
7

SL
pr
od
uc
tio

n
fr
om

va
ri
ou
s
fa
tty

ac
id
s
or

es
te
rs
w
ith

ou
to

r
w
ith

hy
dr
op
hi
lic

su
bs
tr
at
es

St
ra
in

H
yd
ro
ca
rb
on

su
bs
tr
at
es

(%
)

C
ar
bo
hy
dr
at
e

su
bs
tr
at
es

(%
)

S
L
s
(g
/L
)

Y
P
/S
(g
/g
)

C
ul
tu
re

tim
e
(h
)

P
V
(g
/L
/h
)

N
itr
og
en

so
ur
ce

(%
)

C
ul
tiv

at
io
n
m
et
ho
d

R
ef
er
en
ce

T.
bo
m
bi
co
la

A
T
C
C

22
21
4

Sa
ff
lo
w
er

oi
l(
5.
0/
10
.0
/1
0.
0)

G
lu
co
se

(1
0.
0/
10
.0
/-

5.
0)

3.
0/
5.
0/
10
.0

0.
02
0/
0.
02
5/
0.
06
7

N
G

N
G

Y
E
(0
.1
)

B
at
ch

in
fl
as
k

C
oo
pe
r
an
d

Pa
dd
oc
k

(1
98
4)

10
.0
/3
0.
0/
18
.0

0.
06
7/
0.
15
0/
0.
12
0

Y
E
(0
.5
)

C
or
n
oi
l/s
oy
be
an

oi
l/

su
nf
lo
w
er

oi
l(
10
.0
)

G
lu
co
se

(1
0.
0)

20
.0
/1
8.
0/
17
.0

0.
10
0/
0.
09
0/
0.
08
5

Su
nf
lo
w
er

oi
l(
9.
5)

67
.0

0.
34
4

14
4

0.
46
5

Y
E
(0
.5
)

B
at
ch

in
7
L
fe
rm

en
to
r

T.
bo
m
bi
co
la

A
T
C
C

22
21
4

O
le
ic
ac
id
/s
oy
be
an

oi
l(
2.
0)

N
A

7.
0/
6.
8

0.
35
/0
.3
4

72
0.
09
7/
0.
09
4

N
A

R
es
tin
g
ce
ll
in

ba
tc
h

in
fl
as
k

G
öb
be
rt
et
al
.

(1
98
4)

T.
bo
m
bi
co
la

A
T
C
C

22
21
4

So
yb
ea
n
oi
l/s
te
ar
ic
ac
id
/s
te
ar
ic

ac
id

m
et
hy
le
st
er
/

ol
ei
c
ac
id

(3
.6
)

G
lu
co
se

(1
0.
0)

33
.0
/2
0.
0/
32
.0
/3
8.
0

0.
24
3/
0.
14
7/

0.
23
5/
0.
27
9

12
0

0.
27
5/
0.
18
3/
0.
-

26
7/
0.
31
7

Y
E
(1
.0
);
ur
ea

(0
.1
)

Fe
d-
ba
tc
h
in

a
30
-L

bi
or
ea
ct
or

A
sm

er
et
al
.

(1
98
8)

O
le
ic
ac
id

(1
0.
0)

an
d

ol
ei
c
ac
id

(3
.6
)

N
A

77
.0

0.
56
6

0.
64
2

C
.b

om
bi
co
la

C
B
S
60
09

R
ap
es
ee
d
FA

E
E
(1
8.
4)

G
lu
co
se

(3
0.
4)

32
0.
0

0.
65
6

19
0

1.
68
4

(N
H
4
) 2
SO

4
(0
.4
);

D
ri
ed

co
rn

st
ee
p

liq
uo
r
(0
.5
)

Fe
d-
ba
tc
h
in

a
4-
L
fe
rm

en
to
r

D
av
ila

et
al
.

(1
99
2)

T.
bo
m
bi
co
la

A
T
C
C

22
21
4

So
yb
ea
n
oi
l(
10
.0
)

G
lu
co
se

(1
1.
0)

80
.0
/1
20
.0

0.
37
0/
0.
60
0

11
0

0.
72
7/
1.
09
1

(N
H
4
) 2
SO

4
(0
.3
3)
;

Y
E
(0
.5
)

B
at
ch
/f
ed
-b
at
ch

in
a
2.
5-
L

fe
rm

en
to
r

L
ee

an
d
K
im

(1
99
3)

C
.b

om
bi
co
la

C
B
S
60
09

R
ap
es
ee
d
oi
lF
A
M
E
/

ra
pe
se
ed

oi
l

G
lu
co
se

(3
0.
0)

34
0.
0/
25
5.
0

0.
65
/0
.5
3

16
5

2.
03
1/
1.
54
5

D
ri
ed

co
rn

st
ee
p

liq
uo
r
(0
.5
)

C
on
tin

uo
us

fe
d-
ba
tc
h

in
a
4-
L
fe
rm

en
to
ra

D
av
ila

et
al
.

(1
99
4)

Su
nf
lo
w
er
FA

M
E
/

su
nf
lo
w
er

oi
l

23
5.
0/
17
2.
0

0.
52
/0
.4
3

1.
42
4/
1.
04
2

Pa
lm

FA
M
E
/p
al
m

oi
l

24
0.
0/
82
.0

0.
67
/0
.3
9

1.
45
5/
0.
49
7

L
in
se
ed

FA
M
E
/f
is
h
oi
l

12
2.
0/
51
.0

0.
25
/0
.2
1

0.
73
9/
0.
30
9

C
.b

om
bi
co
la

A
T
C
C

22
21
4

O
le
ic
ac
id

(4
.5
)

G
lu
co
se

(1
6.
1)

18
0.
0

0.
92
2

20
0

0.
90
0

Y
E
(1
.0
);
ur
ea

(0
.1
)

E
xt
en
de
d
fe
d-
ba
tc
h
in

a
50
-L

bi
or
ea
ct
or

R
au

et
al
.

(1
99
6)

C
.b

om
bi
co
la

C
B
S
60
09

R
ap
es
ee
d
FA

E
E
(f
ee
di
ng

ra
te
at

1.
75

m
L
/L
/h

fo
r
14
8
h)

G
lu
co
se

(i
n

ex
ce
ss
)

31
7.
0

0.
65

16
5

1.
92
1

N
H
4+

gr
ow

th
-l
im

iti
ng

Tw
o-
st
ep

pr
oc
es
s

fe
d-
ba
tc
h
in
a
4-
L
fe
rm

en
to
r

D
av
ila

et
al
.

(1
99
7)

T.
bo
m
bi
co
la

A
T
C
C

22
21
4

So
yb
ea
n
oi
l(
10
.0
)

G
lu
co
se

(1
0.
0)

94
.0
b

N
G

N
G

N
G

Y
E
(0
.5
);

(N
H
4
) 2
SO

4

(0
.3
3)

C
on
tin

uo
us

cu
ltu

re
in

a
5-
L

fe
rm

en
to
r

K
im

et
al
.

(1
99
7)

C
.b

om
bi
co
la

A
T
C
C

22
21
4

Pa
lm

iti
c
ac
id
/c
oc
on
ut

oi
l/-

gr
ap
es
ee
d
oi
l/c
or
n
oi
l/o

liv
e

oi
l/s
un
fl
ow

er
oi
l(
10
.0
)

G
lu
co
se

(1
0.
0)

4.
5/
3.
0/
5.
0/
5.
5/
9.
5/
11
.0

0.
02
3/
0.
01
5/
0.
-

02
5/
0.
02
8/
0.
0-

48
/0
.0
55

25
0

0.
01
8/
0.
01
2/
0.
-

02
0/
0.
02
2/
0.
0-

38
/0
.0
44

Y
E
(0
.5
)

B
at
ch

in
fl
as
k

C
as
as

an
d

G
ar
ci
a-
O
ch
oa

(1
99
9)

Su
nf
lo
w
er

oi
l(
10
.0
)

G
lu
co
se

(1
0.
0)

50
.0

0.
25
0

18
0

0.
27
8

Y
E
(0
.1
)

B
at
ch

m
od
e

In
a
1.
5-
L

bi
or
ea
ct
or

w
or
ki
ng

vo
lu
m
e

5.
0

0.
02
5

N
G

N
G

Y
E
(0
.1
)

M
ed
iu
m

pu
ls
e

m
od
e

12
0.
0

0.
60
0

19
2

0.
62
5

Y
E
(0
.1
)

R
es
tin

g-
ce
ll
m
od
e

S.
bo
m
bi
co
la

M
T
C
C
19
10

Su
nf
lo
w
er

oi
l(
10
.0
)

G
lu
co
se

(1
0.
0)

38
.6

0.
19
3

16
8

0.
23
0

Y
E
(0
.4
);
ur
ea

(0
.0
6)

B
at
ch

in
fl
as
k

V
ed
ar
am

an
an
d

92 Appl Microbiol Biotechnol (2020) 104:77–100



T
ab

le
7

(c
on
tin

ue
d)

St
ra
in

H
yd
ro
ca
rb
on

su
bs
tr
at
es

(%
)

C
ar
bo
hy
dr
at
e

su
bs
tr
at
es

(%
)

S
L
s
(g
/L
)

Y
P
/S
(g
/g
)

C
ul
tu
re

tim
e
(h
)

P
V
(g
/L
/h
)

N
itr
og
en

so
ur
ce

(%
)

C
ul
tiv

at
io
n
m
et
ho
d

R
ef
er
en
ce

V
en
ka
te
sh

(2
01
0)

C
.b

om
bi
co
la

A
T
C
C

22
21
4

R
ef
in
ed

ra
pe
se
ed

oi
l(
14
.0
)

G
lu
co
se

(3
0.
0)

30
0.
0

0.
68

12
5

2.
37
5c

(N
H
4
) 2
SO

4
(0
.4
);

co
rn
-s
te
ep

li-
qu
or

(0
.5
)

Fe
d-
ba
tc
h
in

a
40
-L

bi
or
ea
ct
or

R
au

et
al
.

(2
00
1)

O
le
ic
ac
id

(N
G
)

G
lu
co
se

(N
G
)

30
0.
0

N
G

N
G

3.
16
7c

N
H
4C

l(
0.
4)
;Y

E
(0
.5
)

Tw
o-
st
ag
e
N
-l
im

ite
d
co
nt
in
u-

ou
s
pr
oc
es
s
in

a
40
-L

bi
or
ea
ct
or

d

C
.b

om
bi
co
la

A
T
C
C

22
21
4

O
le
ic
ac
id

(4
0.
0)

G
lu
co
se

(1
0.
0)

35
0.
0

0.
70
0

31
2

1.
12
2

Y
E
(1
.0
);
U
re
a

(0
.1
)

Fe
d-
ba
tc
h
in

fl
as
k

G
ui
lm

an
ov

et
al
.

(2
00
2)

C
.b

om
bi
co
la

A
T
C
C

22
21
4

O
le
ic
ac
id
/e
di
bl
e
be
ef

ta
llo

w
(2
7.
0)

G
lu
co
se

(4
0.
0)

10
0.
0/
32
.0

0.
15
9/
0.
04
8

16
8

0.
59
5/
0.
19
0

Y
E
(1
.0
);
ur
ea

(0
.1
)

Fe
d-
ba
tc
h
in

a
4-
L
fe
rm

en
to
r

So
la
im

an
et
al
.

(2
00
7)

C
.b

om
bi
co
la

A
T
C
C

22
21
4

So
yb
ea
n
oi
l/c
or
n
oi
l/r
ic
e
ge
rm

oi
l/r
ap
es
ee
d
oi
l(
10
.0
)

G
lu
co
se

(1
0.
0)

65
.0
/9
8.
0/
10
2.
0/
12
0.
0

0.
32
5/
0.
49
0/
0.
-

51
0/
0.
60
0

16
8

0.
38
7/
0.
38
7/
0.
-

60
7/
0.
71
4

Y
E
(0
.5
);
pe
pt
on
e

(0
.0
7)

B
at
ch

in
fl
as
k

K
im

et
al
.

(2
00
9)

R
ap
es
ee
d
oi
l(
1.
0)

G
lu
co
se

(5
.0
)

36
5.
0

N
G

19
2

1.
90
1

Y
E
(0
.5
0)
;p

ep
to
ne

(0
.0
7)

Fe
ed
in
g-
ra
te
-c
on
tr
ol
le
d

fe
d-
ba
tc
h
in

a
2.
5-
L

fe
rm

en
to
re

C
.b

om
bi
co
la

A
T
C
C

22
21
4

C
hi
ck
en

fa
t(
7.
5)

G
lu
co
se

(7
.7
5)

39
.8

0.
26
1

12
0

0.
33
2

Y
E
(0
.2
5)

B
at
ch

in
fl
as
k

M
in
uc
el
li

et
al
.

(2
01
6)

C
.b

om
bi
co
la

A
T
C
C

22
21
4

C
oc
on
ut

oi
l/m

ea
do
w
fo
am

oi
l

(3
.7
5)

G
lu
co
se

(1
2.
0)

0/
16
.7

0/
0.
10
6

19
2

0/
0.
87
0

Y
E
(1
.0
);
ur
ea

(0
.1
)

Fe
d-
ba
tc
h
in

fl
as
k

V
an

B
og
ae
rt

et
al
.

(2
01
0a
)

C
.b

om
bi
co
la

A
T
C
C

22
21
4

α
-L
in
ol
en
ic
ac
id

(0
.4
)

G
lu
co
se

(1
0.
0)

4.
0

0.
03
8

16
8

0.
02
4

Y
E
(0
.3
);
pe
pt
on
e

(0
.5
)

B
at
ch

in
fl
as
k

G
up
ta
an
d

Pr
ab
hu
ne

(2
01
2)

W
.d

om
er
cq
ia
e

C
G
M
C
C

15
76

Fi
sh

oi
l(
4.
0)

G
lu
co
se

(8
.0
)

47
.0

0.
39
2

16
8

0.
28
0

Y
E
(0
.3
)

B
at
ch

in
fl
as
k

L
ie
t
al
.

(2
01
3)

S.
bo
m
bi
co
la

A
T
C
C
22
21
4

O
le
ic
ac
id

(1
0.
0)

G
lu
co
se

(1
0.
0)

18
.8

0.
09
4

20
0

0.
09
4

Y
E
(0
.4
);
ur
ea

(0
.1
)

B
at
ch

in
fl
as
k

B
ha
ng
al
e

et
al
.

(2
01
4)

C
as
to
r
oi
l(
10
.0
)

6.
1

0.
03
1

0.
03
1

S.
bo
m
bi
co
la

A
T
C
C
22
21
4

Ja
tr
op
ha

oi
l/k

ar
an
ja
oi
l/n

ee
m

oi
l

(1
0.
0)

G
lu
co
se

(1
0.
0)

6.
0/
7.
6/
2.
6

0.
03
0/
0.
03
8/
0.
01
3

20
0

0.
03
0/
0.
03
8/
0.
01
3

Y
E
(0
.4
);
ur
ea

(0
.1
)

B
at
ch

in
fl
as
k

W
ad
ek
ar

et
al
.

(2
01
2b
)

C
.b

om
bi
co
la

A
T
C
C
22
21
4

Ja
tr
op
ha

oi
l(
1.
0)

G
lu
co
se

(1
0.
0)

15
.3
d

N
G

96
0.
15
9

N
A

Fe
d-
ba
tc
h
w
ith

re
st
in
g
ce
ll

m
et
ho
d
in

fl
as
kf

Jo
sh
i-
N
av
ar
e

et
al
.

(2
01
3)

S.
bo
m
bi
co
la

N
B
R
C

10
24
3

N
on
-e
di
bl
e
ja
tr
op
ha

oi
l(
20
.0
)

G
lu
co
se

(5
.0
)

12
2.
6

0.
49
0

21
6

0.
56
8

Y
E
(0
.3
);
ri
ce

br
an

(1
.0
),
w
he
at

br
an

(1
.0
)

Fe
d-
ba
tc
h
in

a
5-
L
fe
rm

en
to
r

Im
ur
a
et
al
.

(2
01
3)

S.
bo
m
bi
co
la

A
T
C
C
22
21
4

Ta
pi
s
oi
l/m

el
ita

oi
l/r
at
aw

io
il

(1
0.
0)

G
lu
co
se

(1
0.
0)

26
.0
/2
1.
0/
19
.0

0.
13
0/
0.
10
5/
0.
09
5

12
0

0.
21
7/
0.
17
5/
0.
15
8

Y
E
(1
.0
);
ur
ea

(0
.1
)

B
at
ch

in
fl
as
k

Sh
ah

et
al
.

(2
01
7)

Appl Microbiol Biotechnol (2020) 104:77–100 93



300.0 g/L and increased productivities of 2.375 g/L/h (feed-
batch) from rapeseed oil and glucose were obtained with
C. bombicola (Rau et al. 2001). They attributed the highly
efficient conversion of rapeseed oil and glucose carbon into
SL carbon to resting cell conditions, ATP, and/or de novo
synthesis of SLs by glycerol uptake and the ability of the cells
to convert non-oleic fatty acids into primary C18:0 and C18:1
fatty acid (Rau et al. 1996).

SL production could be substantially changed depending on
not only the kinds of carbon substrates but also the culture
methods. Attributing to fed-batch culture in the fermentor was
more beneficial than batch culture for input carbon channeling
to the product rather than CO2, fed-batch was frequently used to
enhance SL production (Solaiman et al. 2007; Nuñez et al.
2001). Lee and Kim (1993) reported that SL production was
remarkably increased from 80.0 g/L (0.37 g/g substrate) in
batch culture to 120.0 g/L (0.60 g/g substrate) from soybean
oil and glucose in fed-batch culture. Moreover, SL production
of 180.0 g/L with the highest Yp/s of 0.922 g/g was achieved
from oleic acid and glucose in an extended fed-batch cultivation
(Rau et al. 1996). Kim et al. (1997) applied the continuous
culture for SL fermentation from soybean oil and glucose.
They found that the specific consumption rate of soybean oil
was closely related to the specific production rate of SLs and a
high concentration of soybean oil performed an inhibiting effect
on SL production. This phenomenon was explained as a high
concentration of soybean oil in the medium which repressed
NADPH production, reduced the synthesis of hydroxy fatty
acid, and consequently decreased SL production.
Furthermore, when applying the results of feed-batch cultiva-
tion to the new two-stage N-limited continuous process in a 40-
L bioreactor, SL productivity was further increased to 3.167
g/L/h from oleic acid combined with glucose (Rau et al.
2001). To simplify the fermentation control strategy, Kim
et al. (2009) developed a novel feeding rate–controlled fed-
batch culture for SL production. The feeding rate of rapeseed
oil was dependent on pH and calculated by NaOH and rapeseed
oil consumption rate. Finally, up to 365.0 g/L with Yp/s of 1.901
g/g of crude SLs was produced from a 2.5-L fermentor.

Due to a significantly higher oxygen transfer rate in a
stirred tank bioreactor than in shaken flask, shake flask cul-
tures were not as productive as fermentor cultures (Casas and
Garcia-Ochoa 1999). However, they were essential for culture
optimization and structure-property studies (Vedaraman and
Venkatesh 2010; Minucelli et al. 2016). Based on the oxygen
transfer rate, Guilmanov et al. (2002) developed a fed-batch
shake flask method for the efficient production of SLs by
C. bombicola. Maximum values for both volumetric product
formation of 1–1.5 g/L/h and SL yield of 350.0 g/L were
resulted in at optimal oxygen transfer rate between 50 and
80 mM O2/L/h. Moreover, the fatty acid unsaturation degree
of SLs could be controlled by adjusting oxygenation condi-
tions at the initial fermentation period.FA
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We can clearly see that vegetable oils like rapeseed oil,
soybean oil, and sunflower oil are commonly used second
carbon sources for SL fermentation. In recent years, some
non-traditional oils like coconut oil, meadowfoam oil, α-
linolenic acid, fish oil, and ricinoleic acid (RA)–rich castor
oil had also been employed as newer feedstocks not for SL
production enhancement, but for novel SL fermentative pro-
duction (Bhangale et al. 2014; Gupta and Prabhune 2012; Li
et al. 2013; Van Bogaert et al. 2010a). Oils withmedium-chain
fatty acids containing coconut oil and very-long-chain fatty
acids containing meadowfoam oil did not contribute to en-
hancing SL production and have a toxic effect on stationary
C. bombicola cells. Besides, the fatty acid composition of the
meadowfoam-based SLs was like the one observed for de
novo SLs (Van Bogaert et al. 2010a). Gupta and Prabhune
(2012) cultivated C. bombicola in MGYP media containing
α-linolenic acid (ALA) and glucose for novel SL production.
Although only 4.0 g/L of SLs was produced, three different
forms of C18:3 SL molecules, free acid, lactone, and a
diacetylated lactone, were reported firstly. Due to the fact that
fish oil is rich in long-chain polyunsaturated fatty acid com-
ponents of docosahexaenoic acid (DHA; 22:6) and
eicosapentaenoic acid (EPA; 20:5), Li et al. (2013) used fish
oil to produce SLs with long-chain hydroxy fatty acids.
Structural analysis results displayed that several unconven-
tional acidic and lactonic SL molecules with EPA, DHA,
22:3, or 20:0 and different acetylation degrees were obtained.
Castor oil contains 80–90% of RA, which is a mono-
unsaturated fatty acid with 18 carbon atoms and a hydroxyl
functional group in the 12th position. The presence of the
hydroxyl group in RA makes the production of certain novel
SLs possible. Structure analysis of castor oil–produced SLs
showed that RA was incorporated into SLs at the ω-6 posi-
tion, without the oleic acid incorporation requiring the step of
ω-1 oxygenation (Bhangale et al. 2014).

Uncommon regional vegetable oils like jatropha oil,
karanja oil, and neem oil, and crude oils like tapis oil,
melita oil, and ratawi oil were also employed to reduce
SL production cost and improve certain specific proper-
ties of SLs. Although the yields of SLs were relatively
low, the physicochemical properties such as surfactant
property, emulsification activity, and emulsion stability
and biological properties such as antibacterial action and
stain removal capability of the newly formed SLs were
improved to some extent (Wadekar et al. 2012b; Shah
et al. 2017; Imura et al. 2013).

Studies on the effects of fatty acids or esters alone or mixed
with other carbon sources on SL fermentation arouse wide
concern. Although the influences of medium composition,
cultivation method, and oxygen transfer rate on production
and composition of SLs have been illustrated in detail, the
researchers should keep looking at more economic substrates
and processes for industrial applications.

Sophorolipid production from oil and food processing
industry wastes without or with hydrophilic
substrates as co-substrates

The cost of the raw material makes up 40–50% of the whole
expense of SL production. The selection and development of
cheaper raw materials is an effective way to reduce the entire
production cost. Currently, waste frying oil, soybean dark oil,
industrial fatty acid waste, motor oil waste, etc., had been in-
volved as hydrophobic substrates to replace the conventionally
used hydrophobic substrates for SLs production (Table 8).

Soybean dark oil, an inedible oil with black color, is a by-
product of vegetable oil processing. Like soybean oil and corn
oil, oleic acid is themain fatty acid contained in soybean dark oil.
The price is less than half the price of other oils; hence, SL
production from soybean dark oil by the yeast C. bombicola
was examined (Kim et al. 2005; Kim et al. 2009). The results
showed that a competitive production of 90.0 g/Lwith a Pv value
of 0.536 g/L/h of SL was obtained from soybean dark oil and
glucose. Besides, the derived SLs showed excellent antimicrobial
activity and could be used in health care products as an antimi-
crobial agent. Thousands of gallons of cooking oil are used each
week in restaurants around theworld.With the availability of this
huge amount of low-cost raw material of waste cooking oil, SL
production from these wastes was designed (Fleurackers 2006;
Felse et al. 2007; Shah et al. 2007). Although using waste
cooking oil for SL production looks promising, there are still
some difficulties existing such as indirect use of waste frying
oil as the raw material. Degradation products contained in the
used frying oil can interfere in the overall primary and secondary
metabolism of SL production. Wadekar et al. (2012a) reported
that SL production from waste frying oils was lower than the
fresh oils and activated earth treatment of fried oils was found to
improve SLyields significantly. Besides, attributing to crude SLs
obtained from frying sunflower oil containing 70–80% of acidic
SLs, their CMC value was lower than that from fresh sunflower
oil. Combined with activated earth treatment, the presence of
ultrasound and fed-batch was also studied to improve SL synthe-
sis fromwaste cooking oil in a fermentor (Maddikeri et al. 2015).
Attributing to the cavitation effects, 55.6 g/L of SLs (mainly in
the lactonic form) was observed from waste cooking oil by fed-
batch cultivation assisted with ultrasound. The compositions and
proportions of industrial fatty acid residues are more
complicated. In addition to waste fatty acids, they also contain
trace contaminants like nickel, which can inhibit yeast cell
growth and SL production. Felse et al. (2007) investigated the
effects of industrial lipid feedstocks, nickel content and culture
methods on SL production. The results showed that tallow fatty
acid residue gave the highest SL production of 120.0 g/Lwith the
highest YP/S of 0.6 g/g under fed-batch culture. SLs produced
from nickel-contaminated stearic acid had sufficiently low nickel
contents and could be used in the fields of industrial cleaning and
oil recovery enhancing without further processing.
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To further increase SL productivity and reduce cost, solid-
state fermentation (SSF) is employed as an alternative technolo-
gy. Using SSF for SL production presents the advantages of
allowing the use of inexpensive solid substrates and avoiding
potential problems associated with foaming. Mango kernel fat
is obtained from mango seeds and found to have a high content
of stearic and oleic acid. Oil cakes are by-products containing
starch, proteins, and little amount of lipids obtained after oil
extraction from oil industry processes. Both mango kernel olein
and oil cakes were used as low-cost feedstocks for SL production
by SSF (Parekh et al. 2012; Rashad et al. 2014a, b; Jiménez-
Peñalver et al. 2016). Compared with mango kernel fat and stea-
rin fraction of mango kernel fat, olein fractions of mango kernel
fat were found to be beneficial for SL production under both
SmF and SFF conditions. After extraction by ethyl acetate,
17.5 g of SLs with a conversion 17.5% was obtained from
100 g of the substrate by SSF, while SmF only resulted in a yield
of 5.8 g SLs/100 g of the substrate with a conversion rate of
5.8%. Furthermore, SL production from the mango kernel olein
medium by SSF was comparable to that from the oleic acid
medium. It is the first report on the efficient production of SLs
by SSF (Parekh et al. 2012). The highest SL yield of 0.495 g/g
substrates was obtained from sunflower oil cake plus crude soy-
bean oil by SSFwhen employing a new concept for extraction by
methanol followed by ethyl acetate, then partially purified with
hexane. Only SL yield of 0.206 g/g substrates was obtained by
SmFwith ethyl acetate extraction (Rashad et al. 2014a, b).Motor
oil waste, a petroleum industrial waste, is considered as the worst
environmental impact because it contained toxic chemicals, car-
cinogenic hydrocarbons, and heavy metals which harm the envi-
ronment and public health. For the economic production process
with a reduction in environmental pollutants, SL bioconversion
from motor oil waste plus sunflower oil cake by SmF and SSF
was also studied. SLs Pv of 0.132 g/g mixed substrates was
obtained from SmF, while total SLs Pv of 0.458 g/g substrates
was attained by adopting the abovementioned extraction tech-
nique with SSF (Rashad et al. 2014a, b). Jiménez-Peñalver et al.
(2016) investigated SL production from winterization oil cake
(WOC) and sugar beet molasses (MOL) by SSF. They suggested
that intermittent mixing during the process can improve substrate
bioavailability and reduce nutrients and biomass composition
gradients in the solid mass. They also found that there were
significant correlations between SL yield and oxygen & fats
consumed, suggesting that the respirometer can be used to mon-
itor the biological activity of the processes.

These studies signify that SL production from oil and food
processing industry wastes with new cultivation methods could
ease off the cost factor for the overall SL production with a
reduction in environmental pollutants. The efficient conversion
of nutrient-rich, low-value industrial and agricultural wastes or
by-products to SLs is an important strategy to produce low-cost
SLs which can be used in oil recovery and industrial cleaning
fields.T
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Conclusion and recommendations

The characteristics of their being secreted by nonpathogenic
yeasts, high yield, and excellent surface-lowering properties
and biological activities of SLs make them an environment-
friendly alternative biosurfactant for the petrochemical-based sur-
factants. Currently, SLs are not yet competitive with those chem-
ical surfactants from an economic point of view. Employment of
low-cost and renewable fermentation substrates, development of
efficient fermentation culture methods, sustainable optimization
of downstream separation, and purification and genetic engineer-
ing of SL-producing strains have been used as effective strategies
to overcome the obstacle of the high production cost of SLs.

Although reducing sugar, by-products of glycerol,
deproteinized whey, molasses, different straw wastes, waste fatty
acids, and other inexpensive substrates have been explored for
SL bioconversion, the use of cost-efficient substrates under most
conditions still bring negative impacts on the yield of SLs. The
optimization of the medium and culture conditions are essential
and critical factors in SL fermentative processes with food and
agricultural and industrial wastes as substrates. Besides, the prep-
aration of renewable substrates and fermentation of SLs from
these alternative substrates may require both chemical and bio-
chemical processes, with the use of water, energy, and chemical
or biological reagents. With respect to the above, whether low-
cost substrates or waste streams indeed reduce the cost of SL
production should be evaluated, and comprehensive consider-
ation should also be given to raw material origin, cost and con-
tinuous supply, SL production efficiency, environmental effects,
and other factors.

Additionally, employing different feedstocks for SL produc-
tion depending on the fields of use might be another choice to
make SLs more competitive with petrochemical origin surfac-
tants. Well-defined, pure compounds can be used as a hydropho-
bic source without compromising the economic viability of the
process to produce SLs designated towards specialty applications
in fields of pharmaceutical. Inexpensive feedstocks can be
employed to produce SLs used in application fields like oil re-
covery and industrial cleaning. However, the transition from a
petroleum-based economy to a biobased economy requires the
exploitation of synergies, scientific innovations, breakthroughs,
continuous promotion of environmental awareness, and step
changes in the infrastructure of the chemical industry.
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