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Abstract Enzymatic degumming using phospholipase C
(PLC) enzymes may be used in environmentally friendly pro-
cesses with improved oil recovery yields. In this work,
phosphatidylinositol-specific phospholipase C (PIPLC) can-
didates obtained from an in silico analysis were evaluated
for oil degumming. A PIPLC from Lysinibacillus sphaericus
was shown to efficiently remove phosphatidylinositol from
crude oil, and when combined with a second phosphatidyl-
choline and phosphatidylethanolamine-specific phospholi-
pase C, the three major phospholipids were completely hydro-
lyzed, providing an extra yield of oil greater than 2.1%, com-
pared to standard methods. A remarkably efficient fed-batch
Escherichia coli fermentation process producing ∼14 g/L of
the recombinant PIPLC enzyme was developed, which may
facilitate the adoption of this cost-effective oil-refining
process.
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Introduction

In the last few years, there has been a constant increase in the
demand for oils for use as a food and production of fuels. This
demand has generated a need for cost-effective methods for
removing contaminating phospholipids, known as Bgums^,
during the refining process (Hammond et al. 2005).
Traditionally, physical and chemical degumming methods
have been used. More recently, developments were made to
use enzymatic degumming, which possesses several advan-
tages over chemical and physical methods such as minimal
chemical waste and higher yields of refined oil (Dijkstra 2011;
Hammond et al. 2005).

So far, different kinds of enzymes have been reported to
be efficient for oil degumming, including type A and C
phospholipases and glycerophospholipid/cholesterol
acyltransferases. Among them, type C phosholipases
(PLCs) are the preferred ones, since they provide a higher
extra yield of oil compared to traditional methods, both by
generating 1,2-diacylglicerol (DAG) from phospholipids,
which is miscible with triacylglycerols (TAGs), and by
releasing the TAGs trapped as a consequence of the re-
duced volume of gums. Additionally, PLCs do not generate
free fatty acids as a product and therefore do not increase
the acidity of the treated oil, which may negatively impact
the downstream refining process of the oil and the final
product (Clausen 2001; Dijkstra 2011; Kirk et al. 2002;
Loeffler et al. 1999; Lyu et al. 2016; Segers and van der
Sande 1990; Søe and Turner 2012; Yang et al. 2008).

Most of the PLCs reported in the literature for oil
degumming have specificity for phosphatidylcholine (PC)
and/or phosphatidylethanolamine (PE), which together repre-
sent ∼67% of the phospholipids present in soybean and canola
oil (Borrelli and Trono 2015). Recently, we designed a novel
PCPLC-Y, an engineered enzyme that can completely
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hydrolyze PC and PE and is therefore an interesting candidate
for industrial-scale oil refining (Castelli et al. 2016).

Our laboratory has focused its efforts in discovering a
PLC with specificity for phosphatidylinositol (PI),
expecting to formulate this new enzyme in combination
with PCPLC-Y in order to increase the efficiency of oil
degumming. PI represents ∼24% of the phospholipids pres-
ent in soybean oil. Thus, its hydrolysis with a specific PLC
enzyme may generate additional DAGs and provide a fur-
ther reduction of up to ∼91% of the total phospholipids
present in soybean oil when used in combination with
PCPLC-Y. If successful, this approach would produce a
concomitant increase in the extra yield of recovered oil dur-
ing the degumming stage, with a significant impact in the
economics of the oil refining process. To the best of our
knowledge, the characterization and use of PIPLC enzymes
for oil degumming has not been reported in the literature.

Here, it is described for the first time the identification,
characterization, and heterologous production in the scalable
fed-batch fermentation process of an enzyme capable of hy-
drolyzing PI, as well as its successful use in combination with
PCPLC-Y in oil degumming reactions. These results provide a
way forward to improve the efficiency of enzymatic oil
degumming processes at industrial scale.

Materials and methods

Strains, plasmids, and growth conditions

The bacterial strains and plasmids used in this study are listed
in Table S1 (Supplementary Material). For general purposes,
Escherichia coli was grown in Luria Bertani medium (LB) at
200 rpm and 37 °C. The concentration of kanamycin and
ampicillin used in the study were 50 and 100 mg/L,
respectively.

DNA preparation, cloning, and transformation
of Escherichia coli

Restriction enzymes and T4 ligase were purchased from New
England Biolabs. Plasmid DNA was prepared by using the
Axygen Biosciences AxyPrep™ Plasmid Miniprep Kit.

The pKCN-His BAD plasmid was constructed from the
backbone of the pET24a plasmid (Novagen). The araBAD
promoter and the araC gene were amplified using the primers
pBADHis Fw (CAAAGATCTGATTCGTTACCAATTATG)
and pBADHis Rv (AGGCATATGCAGTAGAGAGTTGC)
and pBAD33/His as template. The PCR product and the
pET24a vector backbone were digested with BglII and NdeI
and ligated to generate the vector pKCN-His BAD.

Synthetic genes were synthesized by GenScript (NJ, USA),
and the following GenBank accession numbers were assigned

to them: Bacillus cereus PIPLC, KX685946; Aspergillus
flavus, KX685947; Lysinibacillus sphaericus, KX685948;
Streptomyces antibioticus, KX685949; and Enterococcus
faecalis, KX685950 (Table 1). To clone them into the different
pKCN-His BAD plasmid, the genes were synthesized with an
NdeI restriction site at the 5′ end and an EcoRI site downstream
their stop codon. The resulting plasmids are listed in Table S1.

Preparation of electrocompetent cells of E. coli was per-
formed according to the protocols described by Sambrook
et al. (1989). All plasmids were introduced into E. coli using
a Bio-Rad Pulse Controller® apparatus according to the man-
ufacturer’s specifications.

Protein expression, cell disruption, and SDS PAGE
for PIPLC quantification

For protein expression, E. coli BL21AI strains (Novagen) car-
rying the different pKCN-His BAD-derived plasmids were
grown overnight on LB. A 100-fold dilution of the cultures
was made in the same medium and incubated with shaking at
37 °C.When the OD600 reached 0.5, the cultures were induced
with 0.4 g/L of L-arabinose (Royal Cosun, Netherlands) for
6 h at 30 °C. To disrupt the cells, cells and the culture super-
natant were separated by centrifugation. The cell pellets were
resuspended in a buffer of 10 mM sodium phosphate pH 7.0
and 100mMNaCl to a final OD600 of 4 and disrupted on ice in
a GEX 600 Ultrasonic Processor. The cell extracts obtained
after centrifugation were separated by SDS-PAGE on 12%
gels, stained with Coomassie Brilliant Blue, and quantified
by densitometry using a scanner. Bovine serum albumin
(BSA, Sigma) was used as a standard. ImageJ software was
used to quantify the scanned images.

Enzyme purification and activity assays

His-tagged PIPLCs were purified from E. coli BL21AI
strains carrying the plasmid pKCN231, pKCN232, or
pKCN233, cultured on LB broth and induced at OD600 0.5
with 0.4 g/L of L-arabinose at 30 °Cwith continuous shaking
for 16 h. Subsequently, cells were collected by centrifuga-
tion, washed, and resuspended in buffer A (15 mM sodium
phosphate, pH 7.0, 500 mM NaCl) with 5 mM imidazole,
prior to disruption by sonication. After removing the cell

Table 1 PIPLC characteristics

Organisms % of identity MW (Da) GenBank accession number

B. cereus 100 34,542.1 KX685946

A. flavus 27 37,920.6 KX685947

L. sphaericus 67 44,339.6 KX685948

S. antibioticus 38 29,634.7 KX685949

E. faecalis 48 36,218.8 KX685950
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debris by centrifugation, the supernatants were passed
through a Ni2+-NTA-agarose affinity column (GE Life
Sciences) equilibrated with buffer A containing 5 mM imid-
azole. The PIPLC proteins were recovered after washing
with buffer A with 20 mM imidazole, by elution with
0.5 M imidazole and exhaustive dialysis in sodium phos-
phate buffer (15 mM pH 7 plus 10% glycerol; enzyme dilu-
tion buffer). All procedures were carried out at 4 °C.

The fluorogenic substrate butyl-fluorescein-myo inositol
(B-FLIP, Toronto Research Chemicals) was used for activity
assays. For fluorescence measurements, the following buffer
solutions were prepared: 4× assay buffer (0.2 M sodium ace-
tate, pH 5.5; 4 μM BSA) and enzyme dilution buffer. B-FLIP
stock solution (2 mg/mL) was made in deionized water and
kept at room temperature. For fluorescence determinations,
200-μL aliquots of each sample, composed of 50 μL of 4×
buffer assay, 2 μL of B-FLIP, 10 μL of the corresponding
enzyme dilution, and 138 μL of H2O, were applied in tripli-
cate into a 96-well flat bottom black plate (Greiner Bio-One).
Fluorescence was recorded using a Synergy Multi-Mode
Microplate Reader (Bio-Tek) using 485 ± 20- and 528 ± 20-
nm filters for excitation and emission wave lengths, respec-
tively. A 3-min time scan was first taken with all components
except the enzyme. Then, 10 μL of the enzyme dilutions was
added and a second 3-min time scan was recorded.

High cell density fermentation production process
and protein formulation

A seed culture of E. coli BL21AI harboring pKCN233 was
prepared in a 1-L Erlenmeyer flask containing 0.1 L of LB
medium and cultivated at 37 °C and 200 rpm in a shaking
incubator. Kanamycin was added at a concentration of
50 mg/L to maintain plasmid stability.

Fed-batch fermentations were carried out in 3- or 20-L
fermenters (New Brunswick BioFlo 115 or BioFlo 415,
USA) containing 1 or 12 L of semi-defined HM medium
(Menzella et al. 2003), respectively. The temperature, stirring,
and pH were maintained at 37 °C, 1200 rpm, and 7 (by addi-
tion of 25% NH4OH), respectively. The level of dissolved
oxygen was controlled at 30% of air saturation by changing
the gas inflow (0.1 to 0.5 vvm) and the pure oxygen percent-
age when necessary. The feeding process was initiated when
the glycerol present in the medium was exhausted. A solution
containing 800 g/L glycerol and 20 g/L MgSO4·7H2O was
added according to the feeding rate (F, mL/h) determined by
Eq. (1) (Lee 1996) in order tomaintain the specific growth rate
at 0.25 1/h.

F ¼ μXoVoeμt

SoYX =S
ð1Þ

where X0 is the biomass concentration (g/L) when the feeding
is started, V0 is the initial volume (L), μ is the desired specific
growth rate (1/h), S0 is the glucose concentration in the feed-
ing solution (g/L), and YX/S is the substrate yield.

Expression of the LS-PIPLC gene was induced when the
OD600 reached 100, by adding L-arabinose at a final concen-
tration of 0.4 g/L. Afterwards, the feeding rate was maintained
constant at 15 mL/h.

After the fermentation process, the cell culture was chilled
and passed twice through a high-pressure homogenizer at
1000 bars (GEA Niro Soavi, PandaPLUS 2000). The cell
debris was separated by centrifugation at 10,000 rpm for
30 min in a bench centrifuge (Eppendorf 5804R) or in a con-
tinuous flow centrifuge (GEAWestfalia Separator FSD 1-06-
107) for 1- and 12-L fermentation volumes, respectively.

For the final formulation, LS-PIPLC was separated by ul-
trafiltration using a 10-kD MWKO hollow fiber cartridge
followed by diafiltration to formulate the enzyme in sodium
phosphate buffer (15 mM, pH 7) plus 30% glycerol.

Enzymatic oil degumming

Oil degumming experiments were performed essentially as
described previously using 3 g or 10 kg of crude soybean oil
(Molinos Río de la Plata, Argentina) (Castelli et al. 2016;
Ravasi et al. 2015). Briefly, for 3-g experiments, the crude
oil was preincubated at 50 °C in a VP710 stirrer (V&P
Scientific Inc.) and the indicated amount of enzymes were
emulsified using an Ultra-Turrax T8 Homogenizer and con-
tinuous stirring (500 rpm) was maintained at 50 °C for 2 h. For
the 10-kg experiments, crude oil was preincubated in a beaker
and agitated with a three-bladed propeller-type impeller
(70 mm diameter) to maintain continuous stirring during the
reaction. One hundred milligrams of the LS-PIPLC enzyme
and 50 mg of formulated PLC-Y (Castelli et al. 2016), when
indicated, in 30mL of 50mM sodium citrate buffer pH 6 were
added to 10 kg of crude soybean oil. The mixture was emul-
sified using an Ultra-Turrax T65 Homogenizer, and continu-
ous stirring (500 rpm)was maintained at 50 °C for 2 h. Finally,
heat inactivation of the enzyme was done by incubation for
10 min at 85 °C, which ended the reaction. Control samples
that lacked enzyme were prepared as well.

Inorganic phosphate analysis

For phosphate determination, the degummed oil was homog-
enized with an Ultra-Turrax T8 or T65, depending on the
scale, and 200 mg of the homogenized oil was mixed with
200 μL of 1 M Tris-HCl pH 8. Then, 800 μL of water was
added, incubated for 1 h at 37 °C with constant agitation, and
centrifuged for 5 min at 14000×g. Forty-five microliters of the
aqueous phase was recovered and treated with 0.3 U of calf
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intestinal phosphatase (Promega, WI, USA) for 1 h at 37 °C,
following the manufacturer’s instructions. Finally, inorganic
phosphate was determined according to the method of Sumner
(Sumner 1944). Briefly, 45 μL of the sample containing the
inorganic phosphate was mixed with 455 μL of 5% TCA and
with 500 μL of color reagent (4% FeSO4, 1% (NH4)6MoO24·
H2O, 3.2% H2SO4). Spectrophotometric readings were made
at 700 nm in a Novaspect III apparatus (Amersham
Bioscience), and the micromoles of inorganic phosphate in
the sample were calculated from a standard curve containing
0.025 to 0.25 μmol of inorganic phosphate.

NMR analysis of crude and PLC-treated oil

NMR analysis was performed essentially as described previ-
ously (Ravasi et al. 2015). Briefly, 300 mg of control or
enzyme-treated oil samples were extracted with 900 μL of
NMR solution (100 mM Tris-HCl pH 10.5, 50 mM EDTA,
2.5% sodium deoxycholate) for 1 h at 37 °C with constant
agitation and the resulting aqueous phase was extracted with
600 μL hexane. Finally, 50 μL of D2O was added to the
aqueous phase. The profile of 31P NMR phospholipids was
acquired using a Bruker 300 Ultrashield equipment.

Extra yield determination

In order to measure the extra yield of oil gained from the
enzymatic treatment of crude oil, 10 kg of oil treated with
enzyme or buffer was centrifuged at 3000×g for 5 min after
the reactions were finished. The remaining wet gums were
weighted, and the %DAGs were determined following the
AOCS-recommended method (CD 11-d-96), as previously
described (Ravasi et al. 2015).

Results

Gene selection, design, and synthesis

PIPLCs are ubiquitous enzymes that catalyze the cleavage of
the phosphodiester bond of inositol phospholipids, producing
a water-soluble myo-inositol 1,2-cyclic phosphate or myo-
inositol 1-phosphate, and oil-soluble DAGs (Low 1989).
Most of the identified PIPLCs are intracellular enzymes that
participate in signal transduction pathways of higher eukary-
otic organisms (Smrcka et al. 2012). Among bacteria, the
B. cereus PIPLC has been extensively studied and its structure
has been determined (Birrell et al. 2003; Heinz et al. 1995;
Heinz et al. 1996). In order to find candidates capable of
tolerating the harsh conditions used in industrial oil
degumming, such as high temperature, a first approach was
made by looking for microbial enzymes from thermophiles
that have been naturally selected to tolerate extreme

environmental conditions. Unfortunately, the search for
PIPLC enzymes using BLAST analysis with B. cereus
PIPLC (WP_001060370.1) as a query against known
thermophile organisms [http://www-archbac.u-psud.fr/
genomics/phylotaxBlast.html (Altschul et al. 1997)] did not
retrieve any candidate. However, several microbial PIPLC
genes that code for secreted proteins, which are generally
more stable at harsh environmental conditions, were identified
using BLAST analysis against microbial proteins. From this
search, three bacterial sequences from L. sphaericus
(EON73549.1), S. antibioticus (BAG41445.1), and E. faecalis
(WP_002408293.1) were selected. Additionally, a PIPLC
from A. flavus (XP_002374318.1) was also chosen, since this
genus is a rich source of enzymes used in a variety of indus-
trial processes (Su et al. 2012; Ward 2012). All of these pro-
teins possess at least 25% of identity with B. cereus PIPLC
(Table 1), and they all have conserved catalytic amino acid
sequences (Fig. S1) (Heinz et al. 1995). With the exception of
A. flavus, all of these proteins possess an N-terminal signal
sequence recognized by the Sec secretion system, as deter-
mined by Phobius software (http://phobius.sbc.su.se/).

Next, the four predicted mature proteins along with the
sequence of B. cereus PIPLC were reverse translated and co-
don optimized for expression in E. coli, using a codon ran-
domization algorithm (Menzella 2011). The resulting se-
quences were synthesized and cloned into the pKCN-His
BAD plasmid under the control of the L-arabinose-inducible
BAD promoter.

Recombinant expression in E. coli and activity assays

In order to determine whether the five constructs expressed
the corresponding PIPLC proteins, the recombinant plasmids
were transformed into E. coli BL21AI, and the soluble and
insoluble fractions of the induced cell lysates were analyzed
by SDS-PAGE. Four out of the five synthetic genes were
successfully expressed, i.e., the PIPLCs from B. cereus
(pKCN231), A. flavus (pKCN232), L. sphaericus
(pKCN233), and S. antibioticus (pKCN234), although the
latter product appeared only in the insoluble fraction
(Fig. 1). The recombinant enzymes from B. cereus,
A. flavus, and L. sphaericus were next purified using a Ni2+

resin and tested for PIPLC activity using the fluorogenic sub-
strate B-FLIP, which when hydrolyzed by the PIPLC enzymes
releases fluorescein. PIPLC activity was detected only for the
B. cereus and L. sphaericus enzymes (BC-PIPLC and LS-
PIPLC, respectively), but not for A. flavus PIPLC (AF-
PIPLC) (Fig. 2a). It is worth noting that the concentration of
BC-PIPLC needed to hydrolyze the B-FLIP was 1000-fold
lower than the concentration needed to obtain the same extent
of hydrolysis using LS-PIPLC (pM vs. nM), reflecting differ-
ences in the affinity of the two proteins for this substrate.
Although this assay in an aqueous environment is useful to
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determine the ability of the enzymes to hydrolyze PI, it does
not give any information about the suitability of the proteins
for phospholipid hydrolysis when treating oil (Castelli et al.
2016). In order to assess this, the three candidates were eval-
uated for the ability to degum crude soybean oil in a 3-g scale
using 5, 10, and 15 μg of enzymes per gram of crude oil at
50 °C for 2 h (Ravasi et al. 2015). The activity of the phos-
pholipase C enzymes was measured with a sensitivity assay
based on the quantification of inorganic phosphate by a

colorimetric method. The assay consists in the recovery of
the polar head groups from hydrolyzed phospholipids in oil
by aqueous extraction, and their hydrolysis by an alkaline
phosphatase to generate inorganic phosphate (Sumner 1944).
Despite the differences in activity observed with the
fluorogenic substrate, both BC-PIPLC and LS-PIPLC be-
haved similarly in oil degumming experiments, reaching a
maximum of hydrolysis at 10 μg of enzyme per gram of crude
oil (Fig. 2b). Once again, no hydrolysis was detected when

a

b

Fig. 2 PIPLC activity analysis. a Fluorescence emission intensity in
arbitrary units at 520 nm for the cleavage of butyl-FLIP by purified
BC-PIPLC, AF-PIPLC, and LS-PIPLC measured as a function of time.
The lines are continuous sets of data points. The numbers at the right of
each curve indicate the concentrations of enzyme (pM for BC-PIPLC;

nM for AF-PIPLC and LS-PIPLC) used in the assays. b Activity of the
PIPLC proteins determined in crude soybean oil as a function of
phosphate concentration. The concentrations used of each PIPLC were
5, 10, and 15 μg per gram of crude oil. The results are expressed as means
and standard deviations of at least three independent experiments

Fig. 1 PIPLC expression analysis. SDS-PAGE analysis of disrupted
E. coli culture supernatants (left) and pellets (right) carrying plasmids
pKCN231 (PIPLC B. cereus, 34.5 kDa, lane 2), pKCN232 (PIPLC
A. flavus, 37.9 kDa, lane 3), pKCN233 (PIPLC L. sphaericus,

44.3 kDa, lane 4), pKCN234 (PIPLC S. antibioticus, 29.6 kDa, lane 5),
and pKCN235 (PIPLC E. faecalis, 36.2 kDa, lane 6). Lane 1 corresponds
to E. coli carrying the empty vector. M stands for molecular weight
marker. Arrows indicate the corresponding PIPLC protein
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AF-PIPLC was used for oil degumming, confirming the lack
of activity of this protein.

Fed-batch fermentation process design

For most industrial enzymes, the manufacturing cost is a crit-
ical factor and high protein expression levels are desired to
obtain high productivity (Menzella 2011; Welch et al. 2009).
As shown in Fig. 1, the levels of LS-PIPLC expression are 2.5
times higher than those of BC-PIPLC, as determined from
SDS-PAGE densitometry. Since both enzymes exhibited sim-
ilar activity when employed at equal concentrations to remove
gums from crude oil, LS-PIPLC presents, in principle, a clear
advantage to develop a cost-effective manufacturing process
in E. coli.

With this purpose in mind, a fed-batch fermentation pro-
cess was developed in a 3-L lab scale bioreactor, using the
recombinant strain pKCN233 expressing the LS-PIPLC under
the pBAD promoter. This strain was grown at 37 °C in 1 L of
semi-defined medium using glycerol as a carbon source.
Figure 3 shows that expression of LS-PIPLC at the time of
induction was approximately 3.5 g/L, as a consequence of the
promoter leakiness, and the production of the protein in-
creased continuously until it reached a maximum titer of
14 g/L after 12 h post induction. LS-PIPLC productivity, the
growth profile, and glycerol consumption remained unaltered
in more than 10 different fermentation experiments. These
results are summarized in Table 2.

In order to further reduce manufacturing costs, the produc-
tion of LS-PIPLC was analyzed using raw glycerol derived
from biodiesel plants as a carbon source. Identical results were
obtained. The process was also scaled up using a 20-L biore-
actor, and the same productivity was obtained (Table 2).

Enzymatic oil degumming

To evaluate the efficiency of the recombinant LS-PIPLC pro-
duced in high cell density E. coli fermentations for edible oil
treatment, pilot-scale degumming reactions were designed,
simulating the conditions used at industrial scale (Ravasi
et al. 2015). With this purpose, the LS-PIPLC was used to
assess its efficiency for oil degumming. Ten kilograms of
crude soybean oil containing 2.5% phospholipids (1000 ppm
phosphate) was mixed with 100 mg of recombinant LS-
PIPLC. The resulting mixture was emulsified with a high-
shear mixer and incubated at 50 °C for 2 h. The time course
of the reaction was followed by determining the phosphate
concentration. After 1 h of reaction, the concentration of phos-
phate generated reached a maximum value of 5.9 ± 0.6 mM,
corresponding to the expected amount for the complete hydro-
lysis of PI present in the crude soybean oil (Fig. 4). The re-
maining phospholipid fraction of the treated oil was next sep-
arated and analyzed by NMR. The spectrum shown in Fig. 5b

confirms the complete hydrolysis of PI and the appearance of
a new peak corresponding to its hydrolysis product, inositol
phosphate (P-Ino).

In order to develop an enzymatic method to hydrolyze the
three major phospholipids present in crude oil, a first approach
was made by determining the mixing ratio of the enzymes
needed for optimal oil degumming by measuring the phos-
phate produced after treatment with different concentrations
of PCPLC and LS-PIPLC. Table 3 shows that the maximum
phosphate concentration obtained was achieved with 5 and
10 μg of PCPLC and LS-PIPLC per gram of crude oil, respec-
tively, which is equivalent to the concentration of maximum
PC/PE (Castelli et al. 2016) and PI hydrolysis determined for
each enzyme separately. Thus, as a proof of concept, the same
reaction conditions were tested for oil degumming in a 10-kg
scale using LS-PIPLC in combination with 50 mg of PLC-Y
(Castelli et al. 2016). After a 2-h reaction, the NMR spectra of
the enzyme-treated oil showed that the peaks corresponding to
PC and PI are no longer detectable, while 90% of PE is hy-
drolyzed (Fig. 5c). On the other hand, the signals correspond-
ing to the hydrolysis products phosphocholine (P-Cho),
phosphoethanolamine (P-Et), and P-Ino could be detected
(Fig. 5c).

From 10 kg of crude oil, 519 g of wet gums was recovered
after centrifugation of the enzyme-treated oil, while 732 g was
obtained from a control to which no enzyme was added, pro-
viding a 2.13% extra yield of oil recovered after treatment in
comparison to traditional aqueous degumming methods.
Here, 1.31% corresponds to DAGs generated by the hydroly-
sis of phospholipids and 0.82% corresponds to TAGs released
from the gums. These results indicate the feasibility of com-
bining LS-PIPLC and PLC-Y to obtain a superior oil
degumming process and set the basis for scaling up the pro-
cess. It is important to consider that crude vegetable oil is a
complex mix of triglycerides, phospholipids, sterols, tocoph-
erols, galactolipids, free fatty acids, metallic traces, and other
minor compounds (Hammond et al. 2005). Gums are mainly
composed by phospholipids, but they also contain other oil-

Fig. 3 Fed-batch process development for LS-PIPLC production. Time
course of LS-PIPLC total protein concentration (diamonds), biomass
(squares), and glycerol flow (gray line) during fed-batch fermentation
in the 2-L fermenter with a semi-defined medium. Glycerol was used as
the sole carbon source, and L-arabinose was used as inducer
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insoluble compounds as well as entrapped TAGs. In this work,
wet gums were obtained by centrifugation of water- or
enzyme-treated oil, and the water used for degumming re-
mains in this oil-insoluble fraction, representing 40 or 60%
of the weight of the water- or enzyme-treated gums, respec-
tively. In addition, enzyme-treated gums contain phospholipid
hydrolysis products. This explains the apparent large amount
of gums obtained after removing 91% of phospholipids.

Discussion

Enzymatic oil degumming is rapidly replacing traditional
degumming methods because it offers an extra yield in oil
recovery and is a more environmentally friendly method.
The increased oil recovery is a result of both the concomitant
generation of 1,2-DAG by the enzymatic activity, which is
miscible with the TAGs, and the release of entrapped TAGs
(Dijkstra 2011) by the reduced volume of the generated gums.
PCPLCs are the most extensively used enzymes for enzymatic
oil degumming as they hydrolyze PC and PE, which represent
67% of phospholipids present in crude soybean oil (Dijkstra
2011; Loeffler et al. 1999; Søe and Turner 2012; Yang et al.
2008). However, a significant proportion of the phospho-
lipids, composed by PI (24%) and PA (9%), remain in the
gums. Thus, there is a need for the development of new en-
zymes to broaden the specificity of the degumming process

mediated by PCPLCs in order to improve its efficiency. As PI
represents 72% of the remaining phospholipids present in
PCPLC-treated gums, PIPLC is an attractive candidate to ful-
fill that goal.

Both eukaryotic and prokaryotic PIPLC enzymes have
been extensively studied, because of the importance of PI in
cell signaling and pathogenesis. The eukaryotic PIPLCs are in
general large, multimeric proteins with several domains in-
volved in different aspects of the protein functionality, for
example, the PH domains required for membrane association
of the protein (Balla et al. 2012; Kuksis 2003; Low 1989).
These are undesirable characteristics for producing a protein
conceived for such an industrial process. On the other hand,

a

b

c

Fig. 5 LS-PIPLC-mediated hydrolysis of PI. NMR spectra for crude
soybean oil to which no enzyme was added as a control (a), with
10 μg/g of crude oil of LS-PIPLC produced in E. coli (b), or with the
combined use of 10 and 5 μg/g of crude oil of LS-PIPLC and PLC-Y,
respectively. PC phosphatidylcholine, PE phosphatidylethanolamine, PI
phosphatidylinositol, PA phosphatidic acid, pCho phosphocholine, pEt
phosphoethanolamine, P-ino phosphoinositol

Table 2 Fermentation
parameters Carbon source Glycerol pro analysis Crude glycerol

Fermentation volume 1 L 1 L 12 L

Final OD600 224 ± 13 225 ± 21 206 ± 12

PIPLC (g/L) 14.6 ± 0.6 13.6 ± 0.2 15.3 ± 1.3

Productivity (g/L/h) 0.50 ± 0.04 0.47 ± 0.03 0.49 ± 0.04

Residual glycerol (g/L) 0.5 ± 0.1 0 2.0 ± 0.5

Fermentation process time (h) 29 ± 2 29 ± 1 31 ± 1

Fig. 4 Time course hydrolysis analysis. Activity of LS-PIPLC
determined in crude soybean oil as a function of phosphate
concentration. At the times indicated, samples of oil treated with 10 μg
of LS-PIPLC per gram of crude oil were taken and the concentrations of
phosphate were determined. The results are expressed as means and
standard deviations of at least three independent experiments
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microbial PIPLCs are monomeric extracellular enzymes with
molecular weights that do not generally exceed 50 kDa, natu-
rally adapted to work in more severe environmental condi-
tions, features that make them suitable for their implementa-
tion in an oil degumming process (Griffith and Ryan 1999).
Among those enzymes, B. cereus PIPLC has been extensively
studied. It has been crystallized with its substrate, and its
mechanism of action is well understood (Heinz et al.
1995). In this study, five different PIPLC were selected, all
containing the catalytic amino acids conserved and span-
ning at least 25% identity with B. cereus PIPLC. Four out
of the five proteins were expressed in E. coli, i.e., BC-, AF-,
LS, and SA-PIPLC (S. antibioticus), but not EF-PIPLC
(E. faecalis) (Fig. 1). Since the E. coli envelope lacks phos-
phatidylinositol, and the growth of the recombinant strain
was not affected, a possible toxic effect due to the activity of
the enzyme was ruled out to explain the lack of expression
of the synthetic gene encoding EF-PIPLC. A possible ex-
planation is an unanticipated problem in the gene design
that prevented its expression such as, for example, the for-
mation of a secondary structure in the mRNA (Chandran
et al. 2006; Menzella et al. 2005).

Both LS- and BC-PIPLCs were able to hydrolyze B-FLIP
(Fig. 2). The B-FLIP assay provides a simple and reliable
method for online monitoring PIPLC protein production in a
fermentation process, as it takes less than 10 min to perform
and it is done in aqueous solution (Fig. 2a). Although BC-
PIPLC showed higher catalytic activity in this aqueous assay,
LS-PIPLC was more efficient in the oil degumming process.
The same amount of enzyme was used for oil degumming
(Fig. 2b), but considering the difference in molecular weight
of the two proteins, ∼35 kDa for BC-PIPLC and ∼45 kDa for
LS-PILPC, the latter had a lower molar concentration. LS-
PIPLC required a minimum concentration of ∼20 nM to
completely hydrolyze PI present in oil while BC-PLC re-
quired ∼30 nM. Such differential behaviors for a phospholi-
pase enzyme between an aqueous and an oil environment
have been previously observed for engineered PC-PLC en-
zymes (Castelli et al. 2016).

In order to develop a high-yield fermentation process for
the production of LS-PIPLC, a typical fed-batch strategy
using glycerol as carbon source was tested. Using a minimal
medium, a final titer of ∼14 g/L was obtained in ∼30 h post
induction, which corresponds to a volumetric productivity of
∼0.50 g/L h (Fig. 3, Table 2). To the best of our knowledge,
this is the highest titer ever reached for a soluble protein in
E. coli cultures. The fermentation process also demonstrated
to be robust, since different qualities of glycerol were success-
fully used with minor changes in protein productivity and cell
growth. This result has a direct impact in the manufacturing
costs of the enzyme and represents a remarkable contribution
to facilitate the implementation of a cost-effective enzymatic
degumming process (Simutis and Lubbert 2015).

In this work, it was also demonstrated that the combined
use of both PLCs can hydrolyze up to 91% of the phospho-
lipids present in crude oil (Fig. 5), reducing the volume of
gums and incrementing the extra yield in oil recovery. Based
on the results reported here and elsewhere (Castelli et al.
2016), and the standard costs for fermentation media and en-
zyme recovery at industrial scale (Peiru et al. 2015; Ravasi
et al. 2015), we anticipate that the dose of PCPLC plus PIPLC
to treat a ton of crude oil will be below $2. Considering the
current soybean oil price of about $750 per ton, the extra yield
reported here represents a gross benefit of $15 per ton of
treated oil. Moreover, taking into account the industrial con-
ditions on which the enzymes are to be used and considering
the low cost of enzyme manufacturing, there is no need to
introduce further modifications in the process by, for example,
immobilizing the enzymes. All in all, the production of these
enzymes provides an appealing incentive for the adoption of
this environmentally friendly process for degumming oil.
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