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a b s t r a c t

Lipases are ubiquitous biocatalysts that catalyze various reactions in organic solvents or in solvent-free
systems and are increasingly applied in various industrial fields. In view of the excellent catalytic activities
and the huge application potential, more than 20 microbial lipases have been realized in large-scale
commercial production. The potential for commercial exploitation of a microbial lipase is determined
vailable online 10 September 2009
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by its yield, activity, stability and other characteristics. This review will survey the various technical
methods that have been developed to enhance yield, activity and stability of microbial lipases from four
aspects, including improvements in lipase-producing strains, modification of lipase genes, fermentation
engineering of lipases and downstream processing technology of lipase products.

© 2009 Published by Elsevier B.V.
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. Introduction

Lipases (triacylglycerol acylhydrolases, EC 3.1.1.3) can catalyze
oth the hydrolysis and the synthesis of esters formed from glycerol
nd long-chain fatty acids at the interface between the insoluble
ubstrate and water [1]. These reactions usually proceed with high
hemo-, regio- and/or enantioselectivity, making lipases an impor-
ant group of biocatalysts [2]. Lipases have been widely used in

any industrial fields such as organic synthesis, paper manufac-
ure, oleochemistry, dairy industry and detergents. When used as a
etergent additive, more than 1000 tons of lipases are needed each
ear for the worldwide market [3].

Microbial lipases are currently receiving much more attention
han lipases from plants and animals because of their diversity in
atalytic activity, high yield and low cost production, as well as
elative ease of genetic manipulation. Moreover, microbial lipases
re also stable in organic solvents, do not require cofactors and
ossess broad substrate specificity [4]. Gupta et al. and Sharma
t al. summed up the resources of the lipase-producing micro-
ial strains and Pleiss et al. listed the gene resources of microbial

ipases (http://www.led.uni-stuttgart.de/) [5–7]. So far, more than
0 microbial lipases have been realized in large-scale commercial
roduction (Table 1).

For commercial exploitation of a specific microbial lipase, it is
ssential to achieve high yield, high activity and high stability. The
haracteristics of high yield and high activity mean that the lipase
roduct has greater market competitiveness. High stability of the

ipase product will help expand its field of application, extend its
helf half-life and prolong its use cycles. For example, a require-
ent for the lipases is a resistance to methanol or to ethanol in

he biodiesel production catalyzed by lipases. The characteristics
f high thermal stability and alkaline tolerance are a prerequisite
or lipases used in the pulp and paper industry.

Biologists and chemists have made tremendous efforts to obtain
lipase hyperproducing strain, improve lipase activity, and in par-

icular, to enhance lipase stability. The inactivation mechanism
nd the inactivation models of lipases under various conditions
ave been researched in-depth [8,9]. Various strategies to protect

ipases from inactivation and to increase the operational stabil-
ty and activity of lipases have been developed, including the use
f stabilizing additives, chemical modification of structure, immo-
ilization, protein engineering, medium engineering, etc. [10]. In
he area of production, various commercial expression systems,
ncluding Escherichia coli, Bacillus subtilis, Pichia pastoris, Aspergillus
ryzae, etc. have been successfully used in the production of lipases
11].

This review will survey the various technical methods that
ave been developed to enhance the yield, activity and stability of
icrobial lipase products themselves from four aspects, including

mprovements in lipase-producing strains, modification of lipase
enes, fermentation engineering of lipases and downstream pro-
essing technology of lipase products. Various effect factors on the
ctivity and stability of lipases in a specific biocatalytic reaction are
ot within the scope of this review.

. Strain improvement to enhance yield and stability

.1. Induced mutation and screening techniques of the
ipase-producing strain to enhance yield
In the past few decades, although there has been flourishing
rogress in strain improvement by gene engineering, the desired
igh yield production strain can still be obtained by the rational
se of conventional physical or chemical mutagenesis methods.
everal physical or chemical mutagenesis methods, including
lysis B: Enzymatic 62 (2010) 1–8

UV-irradiation, �-ray, fast neutron irradiation, neodymium-doped
yttrium aluminium garnet (Nd:YAG) laser, nitrosoguanidine (NTG),
diethyl sulfate and nitrous acid, have been successfully applied
to breed lipase-producing microorganisms [12,13]. The mutation
method of fast neutron irradiation has some notable advantages
including operation simplicity and a perfect mutation effect. Muta-
genesis doses and screening techniques are the key technologies in
producing a desirable mutant strain. Resistance to bile salts, carban-
dazim, etc. [14] and high H/C diameter ratio (diameter of hydrolysis
halo/diameter of cell colony) [15] are usually used as parameters
to screen positive mutants. Treatment with ultraviolet (UV) light,
NTG and quick neutron irradiation resulted in a mutant Candida
sp. strain with a 92-fold improvement in lipase yield [16]. In most
cases, the lipase yield can be improved by 1- to 10-fold. However,
the shortcomings of the conventional breeding method of muta-
tion induction, such as the low positive mutation rate, the long
periodicity and tedious work of screening limited its widespread
application.

2.2. Heterologous expression of lipase gene to enhance yield

Hundreds of lipase-producing microorganisms have been iso-
lated from diverse environments [5,6,17–20]. However, many
microorganisms are not easily cultivated in laboratory conditions
or the lipase yield is too low for economic use. With the develop-
ment of gene engineering technology, many microbial lipase genes
have been cloned over the past few years. Using recombinant DNA
technology, heterologously expressing lipase genes in commonly
used industrial strains have become common practice.

Among the types of heterologous expression systems, the P. pas-
toris expression system and filamentous fungi expression system
are most suitable for the production of extracellular lipase because
of their powerful secretion ability and the mature fermentation
technology. The expression level of lipase genes in these hosts can
be hundreds of times higher than that in the native host, even
greater than gram per liter [21–23]. Factors which influence lipase
production in these expression systems include: codon bias, copy
number of the expression cassette, A + T composition of the het-
erologous DNA, nature of secretion signal, endogenous protease
activity, etc. [24]. In the commercial production of microbial lipase,
the choice of the P. pastoris expression system is limited by the
safety and toxicity considerations associated with the inducer of
methanol. A filamentous fungi expression system is always pre-
ferred for high-level expression of recombinant microbial lipases.
In Novozymes A/S Co., the recombinant Thermomyces lanuginosus
lipase, Candida antarctica lipase B, etc. are produced in an A. oryzae
expression system.

2.3. Homologous expression of lipase gene to enhance yield

Exogenous lipase genes may not be able to achieve significant
overexpression or active expression in the host strain because of
various constraint factors, including restriction modification sys-
tem, codon bias, protein secretion mechanism, and post-translation
modification. The technology of homologous expression can not
only overcome the above constraint factors, but can also add the
copy numbers of lipase genes. With this technology, Gerritse et al.
improved the lipase yield of recombinant Pseudomonas alcaligenes
up to 23-fold [25]. However, due to two constraint factors, a positive
correlation existed between the lipase yield and the copy numbers
of lipase genes only within a certain range. One constraint factor

was the total amount of the secretion protein, and the other factor
was the amount of the lipase molecular chaperone.

Microbial lipases are extracellular enzymes, and the transloca-
tion process is involved in many secretion proteins. Once a lipase
gene is overexpressed in the host cells, a further improvement in

http://www.led.uni-stuttgart.de/
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Table 1
Commercially available microbial lipases from manufacturers.

Manufacturer Commercial microbial lipase

Novozymes A/S Co. Thermomyces lanuginosus lipase; Candida antarctica lipase B; Rhizomucor miehei lipase; Candida antarctica lipase A;
Humicola lanuginose lipase

Genencor Co. Pseudomonas alcaligenes lipase; Pseudomonas mendocina lipase

Amano Co. Aspergillus niger lipase; Candida rugosa lipase; Penicillium roqueforti lipase; Penicillium camemberti lipase; Rhizopus niveus
lipase; Burkholderia cepacia lipase; Pseudomonas fluorescens lipase; Rhizopus oryzae lipase; Mucor javanicus lipase;
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Rhizopus delemar lipase; Rhizomuco

Others Chromobacterium viscosum lipase; G
thermocatenulatus lipase; Fusarium

he yield of lipase is usually bottlenecked by the secretion ability of
he host cells. Ahn et al. found that the lipase yield of recombinant
seudomonas fluorescens with coexpression of the lipase gene and
he corresponding secretion protein gene cluster, tliDEFA, was 70-
old higher than that of the control recombinant strain with only
xpression of the lipase gene [26]. However, too much production
f the secretion protein affected the growth of the host cell because
f its hydrophobicity. Therefore, a rational strategy is that the lipase
ene was cloned and expressed on a high copy plasmid and the
ecretion protein gene cluster was cloned and expressed on a low
opy plasmid.

The lipases from Burkholderia cepacia, Pseudomonas aeruginosa,
. glumae, etc. fold into an enzymatically active conformation in
he periplasm before they are translocated through the outer mem-
rane [27]. To achieve secretion-competent conformation, lipases
equire specific intermolecular chaperone proteins, the Lif proteins
28]. Gerritse et al. found that the copy numbers of the helper
ene (lif) will become a limiting factor when the copy numbers
f the lipase gene is above 10 in the homologous expression of
ipase genes from P. alcaligenes. The lipase yield of the recombinant
. alcaligenes with coexpression of the lipase gene and the corre-
ponding lif gene on the high copy number plasmid, pJRD215, was
reatly improved compared with that of the recombinant strain
ith only the lipase gene on the plasmid of pJRD215 [25]. Besides

he lif protein, the prosequence, as intramolecular chaperones, of
he lipases from Rhizopus sp., Fusarium heterosporum, Staphylo-
occus sp., etc. is also essential for correct folding in vivo and for
ecretion of active lipase in host cells [29].

.4. Construction of protease deficient strain to enhance yield and
tability

Many microbial strains can not only produce extracellular
ipases, but also produce various proteases at the same time,

hich cleave and degrade the lipases in the fermentation broth.
o prevent the degradation of lipases by proteases, the protease
enes of the recombinant expression strain were always knocked
ut. A series of protease deficient recombinant strains, including
spergillus niger, Staphylococcus cerevisiae, B. subtilis, P. pastoris, etc.
ave been constructed and applied to lipase production.

In the S. cerevisiae expression host strain, the KEX2 gene, which
ncodes the Kex2p protease, was disrupted and the intact recom-
inant Rhizopus oryzae lipase (rProROL) was produced. The T50 of
he recombinant lipase was raised from 40 to 55 ◦C (The T50 is the
emperature resulting in 50% loss of activity) [30]. In the B. sub-
ilis expression host strain, the yield of lipase LipA was significantly
mproved when multiple protease genes were deleted. In vivo, the
kfA protein protects lipase LipA against proteolytic degradation.

nce the skfA gene was deleted, the expression level of lipase LipA

rom wild-type B. subtilis greatly decreased and the intact skfA
ene was a prerequisite for the overproduction of lipase LipA [31].
ecause the lipase-producing strain can often also produce multiple
roteases, it is important to analyze how the lipase was degraded
ei lipase

hum candidum lipase; Aspergillus oryzae lipase; Rhizopus arrhizus lipase; Bacillus
lipase; Penicillium expansum lipase

by the protease and then delete the corresponding protease
gene.

Although various new methods, including genome shuffling, etc.
have been applied in the field of lipase-producing strain modifica-
tion [32], there is a very low possibility of significantly improving
lipase production in any specific method due to the complexity of
lipase gene expression and lipase secretion. It is also necessary to
understand the mechanism of lipase gene expression and the bot-
tleneck of lipase secretion using two-dimensional electrophoresis
before modification of the lipase-producing strain.

3. Modification of lipase gene and secretion protein gene to
improve yield, activity and stability

3.1. Screening of stronger promoter to improve lipase gene
expression

A fundamental factor influencing the expression of heterolo-
gous genes in host cells is the level of transcription provided by the
promoter. A common strategy to increase the expression level of a
specific gene is to clone, screen and select a strong promoter.

In E. coli expression systems, the strong promoters used most
often include T7, �PRL, tac, lac, trc, cspA, araBAD, etc. Under the
control of these strong promoters, the expression protein of the
heterologous gene can comprise more than 50% of the total cell pro-
tein within a few hours of induction. However, the overexpressed
protein always formed insoluble inclusion bodies and showed low
catalytic activity. Some strategies have been developed to increase
the functional expression level of the recombinant protein, includ-
ing coexpression with various chaperone proteins, fusion of the
recombinant protein with affinity tags, etc. [33]. By coexpression
of chaperones, the expression level of the active C. antarctica lipase
B was raised from 11 to 61 U/mg in the E. coli cytoplasm [34].

AOX1, AOX2, FLD1, ICL1, GAP, PEX8, YPT1, ACT1, ADH1, PGK1
and TDH1 are the promoters most often used in yeast expression
systems. Macauley-Patrick et al. summarized the advantages and
disadvantages of different promoters [35]. In the P. pastoris expres-
sion system, the GAP promoter was a promising alternative to the
well-known AOX1 promoter. Stable productivity of Candida rugosa
lipase reached 14 000 U/ml under the control of the GAP promoter
[36]. In the Yarrowia lipolytica expression system, the lipase yield
of A. oryzae reached 90 500 U/ml in fed-batch fermentation under
the control of the hp4d promoter [37]. In the S. cerevisiae expression
system, the PGK promoter resulted in the productivity of 1600 U/ml
of Rhizopus niveus lipase [38].

In other expression systems, strong promoters have also been
screened, selected and applied to lipase production. In the R. oryzae

expression system, the protein yield was directly correlated with
the choice of promoter with pdcA > amyA > pgk1 [39]. In the B. sub-
tilis expression system, the lipase yield was increased by 100-fold
under the control of the strong promoter from the B. subtilis strain
A.S.l.1700 [40]. In the Lactococcus lactis expression system, the
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ecombinant lipase reached up to 30% of the total cellular proteins
nder the control of the inducible promoter PnisA [41]. In P. aerug-

nosa, the modified arc promoter led to a 30-fold increase in lipase
ield [42].

In addition to the above known strong promoters, multiple
ene-promoter shuffling technology has also been applied to screen
nd select new strong promoters in industrial microbial breeding
43]. On the other hand, there have been reports on the constitu-
ive promoter applied in the heterologous expression of microbial
ipases, however, strong constitutive promoters were not a good
hoice for the overexpression of lipase due to cell toxicity of lipases.
he expression level of lipase genes under the control of a strong
romoter cannot exceed the maximum secretion capacity of the
ost cell.

.2. Codon optimization to improve lipase gene expression

Lipase genes are often difficult to express in heterologous host
ells because different microbial strains show different codon usage
ias, and lipase genes may contain codons that are rarely used in
he desired host. It is necessary to redesign lipase gene sequences
o maximize their expression levels in heterologous host cells.
. rugosa displays a non-universal codon usage, in which codon
UG, a universal codon for leucine, is read as serine [44]. After
aving converted the 19 non-universal CTG-serine codons into
niversal TCT-serine codons, the lip1 gene of C. rugosa was func-
ionally expressed in P. pastoris and the expression level reached
53.3 ± 18.8 U/ml [45]. On the basis of this result, the G + C content
f the lip1 gene fragment was decreased from 63% to 42%, which
urther improved the production level of the recombinant LIP1 from
3 to 152 mg/l [46]. With this same method, the lip2 gene, lip3 gene
nd lip4 gene from C. rugosa were also functionally expressed in P.
astoris and the production yield of the lip3 gene was improved by
9-fold [46].

.3. Construction fusion gene to enhance secretion level

Once the lipase genes are functionally overexpressed in vivo, the
ecretory capacity of the host cells will directly affect the produc-
ion of lipases. The level of microbial lipase secretion is involved
n many factors, including signal sequences, fusion tag, molecular
haperones, Dsb-proteins, as well as a variety of periplasmic pro-
eases [27]. In the S. cerevisiae expression system, the signal peptide
rom the Kluyveromyces lactis killer toxin replaced the endogenous
eader sequence from the lip1 gene of C. rugosa, which resulted
n a yield of over 1 g/l [47]. Ahn et al. connected the cellulose-
inding domain (CBD) from Trichoderma harzianum endoglucanase
I (THEG) to the N-terminal of Bacillus stearothermophilus L1 lipase.
he CBD enhanced the protein-folding stability in the ER and escape
f the protein from the ER, which resulted in a 7-fold increase in the
ecreted fusion protein from S. cerevisiae [48]. In the E. coli expres-
ion system, the expression level of recombinant C. antarctica lipase
in E. coli cytoplasm rose from 2 to 11 U/mg when the lipase gene
as fused with the encoding gene of thioredoxin [34].

.4. Directed evolution of secretion protein to enhance secretion
evel

Lipase from P. fluorescens is secreted into the culture medium
hrough an ATP-binding cassette (ABC) transporter, which is
ncoded by three genes, tliD, tliE and tliF [49]. Among the three

omponent proteins of the ABC transporter, the secretion ability of
he TliD determines the secretion level of the recombinant lipase
rom the host strain [50]. Random point mutations were introduced
nto the tliD gene and the mutation library of the tliD gene was intro-
uced into E. coli and coexpressed with the lipase gene. One variant
lysis B: Enzymatic 62 (2010) 1–8

showed a 3.2-fold increase in the secretion level of recombinant
lipase from E. coli [51].

3.5. Improvements in activity and stability by protein engineering

Rational design or directed evolution has become a powerful
tool to produce suitable lipase with high catalytic activity and
stability in an industrial environment. Based on the known three-
dimensional information, the lipase molecule can be customized in
a rational design method. With this method, the space of the active
site of C. antarctica lipase B was enlarged by the site-directed muta-
tion of W104H and W104A [52,53] and its enantioselectivity was
improved by the site-directed mutation of S47A [54]. However, only
28 three-dimensional structures of microbial lipases have been
solved. Directed evolution, such as error prone PCR and DNA shuf-
fling, represents an alternative approach when no structural and
functional knowledge of the respective lipases can be obtained.
Among the four steps in the whole process of directed evolution
[55], the methods for mutagenesis are relatively mature in tech-
nology [56]. To achieve successful directed evolution of lipases,
establishment of an appropriate expression system is a prerequisite
and the design of a high-throughput screening system is a major
challenge.

Among the various expression systems, E. coli is still the most
frequently used prokaryotic expression host for heterologous pro-
teins. Much effort has been made to obtain active expression of
lipase in E. coli cytoplasm and secrete the recombinant lipase into
the culture media. The recombinant Geobacillus sp. T1 lipase and
Pseudomonas sp. MIS38 lipase were secreted into the culture media
by coexpression of lipase with the secretion protein [57,58]. Cell
lysis is an alternative method to release recombinant lipase into the
culture media under the control of the heat-inducible promoter or
the UV-inducible promoter [59,60]. Active expression and secretion
of recombinant lipases simplify the following screening procedure
of the mutation library.

Various novel high-throughput screening methods for the
mutation library of microbial lipases have been designed in recent
years. Every screening method has its practical application [55]
and the adopted screening method varies with the catalytic
activity of the lipases. Using an NMR-based approach or FTIR
spectroscopy-based approach for high-throughput screening of
lipase enantioselectivity, the screening efficiency reached up to
1400 mutations per day and 20 000 mutations per day, respectively
[61,62].

Progress in lipase protein engineering in recent years is summa-
rized in Table 2. A series of superior lipases with modified substrate
specificity, enhanced thermo- and solvent stability, or improved
enantioselectivity were achieved by protein engineering. However,
the existing methods of directed evolution have been limited to
modifying the activity of existing lipases. The challenge to create
novel lipase with new catalytic activity by rational design combined
with directed evolution still exists [108].

4. Improvement yield and stability by fermentation
engineering

Microbial lipases are mostly produced by submerged culture.
As an inducible extracellular enzyme, lipase production is greatly
influenced by the type and concentration of lipid sources such as
oils or other inducers [109]. In addition to the lipidic inducers,

other nutritional and physico-chemical factors, such as substrates,
inorganic salts, the C/N ratio of the medium, temperature, pH and
dissolved oxygen concentration, also have important effects on
lipase yield [4,5,18,110]. In the solid-state fermentation process
of microbial lipases, the moisture of the culture medium is an
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Table 2
Modification of microbial lipases by protein engineering.

Outcome Target Method Mutation site Reference

Modified the
enantioselectivity

Candida antarctica lipase B Site-directed mutagenesis S47A [63]
Geotrichum candidum lipase Rational recombination of the two

isozyme genes; site-directed
mutagenesis

I-348-II-406-I, I357A and L358F [64]

Rhizopus oryzae lipase Site-directed mutagenesis L258A, L258S and L258F [65]
Candida antarctica lipase B Site-directed mutagenesis W104A [52,66]
Burkholderia cepacia lipase Single-molecule PCR amplification L17F, F119L, L167G and L266V [67]
Pseudomona aeruginosa lipase Error prone PCR and DNA shuffling M16L, A34T, etc. 11 amino acid substitutions [68]
Pseudomona aeruginosa lipase Combinatorial multiple-cassette

mutagenesis
D20N, S53P, S155M, L162G, T180I and T234S [69]

Pseudomona aeruginosa lipase Error prone PCR and saturation
mutagenesis

S149G, S155F, V47G, V55G and S164G [70]

Bacillus subtilis lipase A Error prone PCR and saturation
mutagenesis

I22V, Q60L, Q60R, Y49C and N50S [71]

Candida antarctica lipase B DNA shuffling Chimeras containing DNA elements from two
to three parents and no point mutations were
found

[72]

Candida antarctica lipase B Site-directed mutagenesis S47A, T42V and S47A [54]
Pseudomona aeruginosa lipase Error prone PCR S155F, L162G and S155F; L162G, S53P and

S155F
[73]

Bacillus subtilis lipase A Multiplex-PCR-based recombination N18Q and Y49V [74]
Burkholderia cepacia lipase Single-molecule PCR amplification L17F, F119I, L167G and L266V; L17F, L167G

and L266I
[75]

Candida antarctica lipase B Site-directed mutagenesis T103G [76]
Yarrowia lipolytica lipase Not mentioned V232A [77]

Modified the chain
length selectivity

Pseudomonas fragi lipase Site-directed mutagenesis T137V, T138N, T137V and T138N; T137V and
S141G; T137V, T138N and S141G

[78]

Rhizomucor miehei lipase Site-directed mutagenesis F94G [79]
Rhizopus delemar lipase Site-directed mutagenesis V209W and F112W; F95D and F214R [80]
Candida rugosa lipase lip4 Site-specific saturation mutagenesis A296I, V344Q and V344H [81]
Candida rugosa lipase lip1 Site-directed mutagenesis P246F, L413F, L410W, L410F and S300E; L410F

and S365L
[82]

Acinetobacter sp. lipase Error prone PCR S21F, A102G, S103F, D299E and N300H [83]
Thermomyces lanuginosa lipase Cassette mutagenesis S83T [84]
Rhizopus delemar lipase Site-directed mutagenesis F95D, F112W and V209W [85]
Burkholderia cepacia lipase Site-directed mutagenesis L167V, F119A and L167M [86]
Rhizomucor miehei lipase Site-directed mutagenesis F94R [87]

Expanded the range of
substrate acceptance

Pseudomonas aeruginosa lipase Combinatorial active-site saturation
test

M16A and L17F, M16G, M16G and L17F [88]

Candida antarctica lipase B Circular permutation A283/A283-KRPRINSP [89]

Improved the
hydrolysis activity

Pseudomonas fluorescens lipase Error prone PCR N8S, S14G and W72R [90]
Rhizopus oryzae lipase Error prone PCR V95D, I53V, P96S and F196Y; Q128H and

Q197L
[91]

Penicillium expansum lipase Site-directed mutagenesis R182K [92]

Improved the
amide-hydrolysis activity

Pseudomonas aeruginosa lipase Error prone PCR and site-directed
mutagenesis

F207S and A213D [93]

Improved the
phospholipase activity

Bacillus thermocatenulatus lipase Error prone PCR H15P and L184P [94]
Staphylococcus aureus lipase Error prone PCR and DNA shuffling L179F, K282E, K300N, S358T, etc. six amino

acid substitutions
[95]

Improved the catalytic
activity for aldol reactions

Candida antarctica lipase B Site-directed mutagenesis S105A [96]

Improved the methanolysis
activity

Rhizopus oryzae lipase Error prone PCR K138R [91]

Improved the
thermostability

Fusarium heterosporum lipase Site-directed mutagenesis R275A [97,98]
Rhizopus oryzae lipase Site-directed mutagenesis R29A [98]
Pseudomonas fragi lipase Site-directed mutagenesis T137V, T138N, T137V and T138N; T137V and

S141G; T137V, T138N and S141G.
[78]

Candida antarctica lipase B Site-directed mutagenesis T103G [99]
Candida antarctica lipase B DNA shuffling Chimeras containing DNA elements from two

to three parents and no point mutations were
found

[72]

Rhizopus arrhizus lipase Error prone PCR and DNA shuffling E190V [100]
Candida antarctica lipase B Error prone PCR A281E and V221D [101]
Penicillium expansum lipase Site-directed mutagenesis K55R [102]
Bacillus subtilis lipase Error prone PCR and Site-directed

mutagenesis
N66Y and A132D; N66Y, A132D and L114P [103]

Candida antarctica lipase B Error prone PCR N317Y [104]
Penicillium camembertii lipase Site-directed mutagenesis Y22C and G269C [105]
Bacillus subtilis lipase Error prone PCR A15S, F17S, A20E, N89Y, G111D, L114P, A132D,

I157M and N166Y
[106]

Improved the stability in
organic solvents

Pseudomonas sp. lipase Error prone PCR F146L, I289T and V304A [107]

Improved the resistance to
oxidative degradation

Candida antarctica lipase B Site-directed mutagenesis M72L [53]
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mportant factor affecting lipase production [111]. Under optimum
ermentation conditions, the maximum yield of Rhizopus homothal-
icus lipase reached 826 U/g DM in solid fermentation, which can be
ompared with the highest value obtained in submerged fermen-
ation [112]. The thermal stability and the specific activity of R.
omothallicus lipase are higher when produced in a solid-state fer-
entation process than in a submerged fermentation process [113].

n the continuous fermentation of microbial lipases, lipase activity
n the medium is inversely related to the dilution rate. The produc-
ivity of C. rugosa lipase and Bacillus sp. IHI-91 lipase increased by
0% compared with that in batch fermentations and depended on
he proper dilution rate [114,115]. Other fermentation processes,
uch as the fed-batch fermentation process and the repeated fed-
atch fermentation process have also been used in many cases
nd have achieved good results [116]. In the continuous fermenta-
ion process or repeated fermentation process, the cells are always
mmobilized on various solid supports and lipase productivity was
lso associated with the mass transfer ability of various support
aterials [117]. Although the submerged fermentation technology

s still the mainstream production technology in the commer-
ial production of microbial lipases, the solid-state fermentation
echnology possesses several biotechnological advantages, such
s higher fermentation productivity, higher product stability and
ower catabolic repression and has been developed as an attractive
lternative to the submerged fermentation technology in recent
ears [118–120].

In the fermentation production of microbial lipases, some
trains produced significant amounts of proteinase, which resulted
n the degradation of lipases. The yield and stability of the lipase
ncreased with inhibition of proteinase activity. The yield of the
ecombinant C. antarctica lipase B was increased to 2 g/l (2-fold
ncrease) in the culture supernatant after the protease activity was
nhibited by pH control and low temperature [22,121]. Compounds,
uch as �-cyclodextrin and gum Arabic, can greatly improve the sta-
ility of Acinetobacter calcoaceticus lipase in the fermentation broth.
urthermore, these compounds can also enhance lipase secretion
nd improve lipase yield [122]. Kamiya et al. found that the Strep-
overticillium transglutaminase can mediate the cross-linking of
ontaminating proteins in the fermentation broth and improve the
alf-life of the crude lipase from Rhizopus sp. by more than 10-fold
123].

. The down stream process technology to enhance activity
nd stability

.1. Effect of additives on activity and stability

In the production process of lipase preparations from fermen-
ation broth to dry powder, two methods are always used for
ehydration. One method is spray-drying, and the other method

s freeze-drying. The spray-drying method always causes lipase
nfolding by thermal denaturation. Milk powder and maltodex-
rin showed excellent protective effects on lipase activity during
pray-drying and the activity recovery yield even reached as high
s 100%. Lipase powder mixed with the above protective addi-
ives, calcium chloride, gum Arabic, etc., can be stored for over 18

onths at 4 or 20 ◦C without loss of activity [124,125]. While in the
yophilization production process, both the random structure and
he �-helical structure of the enzymes were always partially con-
erted to �-sheet structure, which resulted in conformation change

nd loss of enzyme activity. The additions of potassium chloride and
8-crown-6 before freeze-drying of the Humicola lanuginose lipase
ermentation broth increased the activity up to 46-fold and 41-
old compared to crude powder, respectively [126], while trehalose
fforded a superior stabilization effect on H. lanuginosa lipase dur-
lysis B: Enzymatic 62 (2010) 1–8

ing lyophilization [127]. Other cryoprotectants and lyoprotectants,
such as sugar and cyclodextrins, can also prevent structural dam-
age to lipases in the two stages of the lyophilization process. The
effect of various additives on lipase activity and stability during
lyophilization is determined by the type and the concentration of
the additives, lyophilization time, water content, etc.

5.2. Chemical modification technology to enhance activity and
stability

As a powerful complementary approach to site-directed muta-
genesis and directed evolution for customizing lipases, chemical
modification methods allow an almost unlimited alteration of
amino acid side chain structures and endow lipases with useful
new functions. Chemical modification approaches include cross-
linking with bi-functional reagents, chemical modification with
monofunctional polymers and the introduction of small moieties
[10]. A self-immobilized spherical particle of P. fluorescens lipase,
formed by the cross-linking method, showed superior activity in
organic solvent compared to the original free lipase. During the
cross-linking process, addition of tributyrin to the reaction mixture
increased the activity of P. fluorescens lipase up to 202-fold [128].
The thermal stability of C. antarctica lipase B, chemically modi-
fied with oxidized polysaccharide, was improved 9.3-fold [129].
The enantioselectivity of Candida antarctica lipase B, aminated by
ethylenediamine, was increased more than 50-fold [130]. The activ-
ity and the stability of the modified lipases are dependent upon the
applied procedure, the selected support and the added additives.

5.3. Immobilization technology to enhance activity and stability

Two obvious developmental trends in lipase immobilization
exist, one is the application of new supports and the other is the
exploitation of new immobilization approaches. Among various
immobilization supports, nano-materials and porous supports with
a large specific surface area have achieved excellent results. The
long-term stability of immobilized lipases on �-Fe2O3 magnetic
nanoparticles or carbon nanofiber was in the region of months
[131,132]. Reetz and Jaeger entrapped lipases in nanoporous
sol–gel glass and the activity of the lipases was enhanced up to
88-fold [133]. As an interfacial enzyme, lipase was greatly acti-
vated when hydrophobic materials were used as immobilization
supports or detergents were added to the immobilization-reaction
mixtures during the immobilization process [134]. In addition to
activity and stability, the enantioselectivity of lipases can also be
modulated by immobilization processes [135]. The effect of immo-
bilization on lipase properties was determined by support type,
immobilization conditions, immobilization methods, etc. [136]. In
respect of the new approaches for lipase immobilization, cell sur-
face display technology enables the lipases to be self-immobilized
on the cell surface and is a new alternative approach to immobi-
lize lipases on solid supports [137,138]. The hydrolysis activity and
the esterification activity of R. oryzae lipase immobilized on the
cell surface of S. cerevisiae were increased up to 4.4 × 104-fold and
3.8 × 104-fold, respectively [139].

6. Concluding remarks

In addition to the modification of existing lipase-producing
strains and lipase genes, new microbial lipase sources can be
obtained from completely sequenced genomes, non-culturable

organisms and extremophiles [20,140–141]. These new lipase
sources, together with in vitro directed evolution, provide the
chemical industry with an unprecedented opportunity to identify
an ideal process-compatible lipase with high activity and high sta-
bility.
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The faster the green chemistry industry develops, the larger the
emand for lipases will be. The large-scale application of lipases in
he chemical industry is bottlenecked by the stability and catalytic
ctivity of lipases. Various technical methods to improve yield,
ctivity and stability of microbial lipases are highly dependent on
he particular production conditions. No single strategy will suit all
ases; however, the four aspects to improve lipase yield, activity
nd stability will bring useful clues to specific situations, as evi-
enced by our selected examples in this review. Moreover, these
omplementary strategies will hopefully alleviate the bottleneck in
ipase development. For biochemists and chemists, the identifica-
ion of lipases with high yield, high activity and high stability is a
oal worth pursuing.
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