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Abstract Among numerous mesophilic fungi screened

for sterol esterase activity followed by the esterification

reaction between plant b-sitosterol and lauric acid in

organic solvent, six Aspergillus strains were selected as the

most active producers. These fungi had not been studied

previously for sterol esterase production. The fungi were

cultivated under solid state fermentation (SSF) conditions.

The gently dried SSF cultures as such were tested in the

esterification reactions, without any special enzyme isola-

tion and purification (downstream) processes. All the six

Aspergillus SSF preparations were able to synthesize sterol

esters. Sterol esterase activity of these GRAS cleared

Aspergillus strains was inducible by sterol ester supple-

mentation to the SSF medium and showed remarkably

different moisture optimum during growth as compared to

the production of lipase (determined by pNP-palmitate).

Genome analysis revealed that sterol esterase production

might be a common feature of many Aspergillus species.

The synthetic usefulness of the best SSF preparations of

A. oryzae NRRL 6270 and A. sojae NRRL 6271 was

demonstrated by synthesis of esters of plant sterols with

lauric acid resulting in 45–63% conversions (GC) and 27–

38% isolated yields of steryl laurates. The isomer prefer-

ence of A. oryzae NRRL 6270 towards the 10E,12Z isomer

of conjugated linoleic acid (CLA) in the esterification

reaction with plant sterols was also determined.

Keywords Aspergillus sp. � Solid state fermentation �
Sterol esterase � Sterol esters

Introduction

Phytosterols (referred to as sterols) and their fatty acid

esters (steryl esters) are known to reduce blood cholesterol

levels [1]. This physiological activity has led to the

development of several neutraceutical foods, such as a

salad oil with addition of sterols or steryl esters and a

margarine blended with steryl esters [2]. In addition, sterols

and sterol esters are useful compounds in cosmetics, for

example in moisturizing ointments, or as gelling agents in

antiperspirant deodorants [3].

Practical applications of free sterols in foods are limited

due to their low solubility and high melting point. There-

fore fatty esters of sterols are generally preferred in the

food industry [4].

Sterols in plants exist as free alcohols, esters with fatty

acids, glycosides, and acylated glycosides. In edible oils,

sterols can be present in the free and/or esterified forms.

Considerable variability in the proportion of free and

esterified sterols was observed among different oils and

fats, with free sterols ranging from 32 to 94% of the total

sterols. Refining or hydrogenation tended to decrease total

sterols and increase esterified sterols [5].
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Sterol esterases (EC 3.1.1.13) hydrolyze fatty acid esters

of sterols. They have been studied extensively from a

number of mammalian tissues primarily because of their

importance in the absorption and metabolism of cholesterol

[6]. They have also been detected and characterized in

microbes of different origins: fungal [7], bacterial [8], of

yeast [9].

Solid state fermentation (SSF) offers numerous advan-

tages for the production of several metabolites relevant for

the food processing industry. SSF has also proved itself to

be an economical way to produce various enzymes

including lipases and esterases [10].

The above precedents prompted us to cultivate a series

of filamentous fungi by solid state fermentation (SSF) and

screen them for novel sterol esterase activities. Among

these organisms, our aim was to find useful sterol esterase

activity in strains being GRAS (Generally recognized as

safe) cleared, which is advantageous in application of such

biocatalysts in the food or cosmetic industries.

The goal was therefore to test such strains, which had

not been investigated or not in detail as sterol esterase

producers. Because the gently dried SSF preparations

without any costly downstream processing can be consid-

ered as inexpensive, naturally immobilized biocatalysts, we

tested these materials not only as sterol esterase producers

but also evaluated their behavior in synthetic esterification

reactions as well.

Experimental

Materials and Methods

GC analyses were carried out on HP 5890 or Agilent

4890D instruments equipped with a FID detector and

Restek Rtx-65TG column (30 m · 0.25 mm, 0.10 lm film

with 35% dimethyl–56% diphenyl polysiloxane; Restek) or

HP- INNOWax column (30 m · 0.32 mm, 0.25 lm film

with crosslinked polyethylene glycol; HP), or SGE BPX-70

column (60 m · 0.22 mm, 0.25 lm film with 70% cyano-

propylpolysiloxane; SGE Pty, Australia) using H2 as the

carrier gas. The experimental molar response factor for the

lauryl ester of the plant b-sitosterol over unreacted b-

sitosterol was 0.98.

The NMR spectra were recorded in CDCl3 on a Bruker

DRX-500 spectrometer (at 500 MHz for 1H- and 125 MHz

for 13C-spectra) and are reported in ppm on the d scale.

TLC was carried out on Kieselgel 60 F254 (Merck)

sheets. Spots were visualized by treatment with 5% eth-

anolic phosphomolybdic acid solution and heating of the

dried plates.

All solvents were freshly distilled prior to their use.

Lauric acid was obtained from Fluka (No 61620), plant

b-sitosterol (65% purity) was purchased from Merck (No.

3741; this composition is referred to as plant b-sitosterol

throughout this work). The sterol composition (55.6% b-

sitosterol, 36.9% stigmasterol, 5.9% campesterol, 1.4%

cholesterol) of this product was determined by GC

according to ISO 12228 using a standard sample (Supelco

4-7150) containing different types of sterols. The conju-

gated linoleic acid (CLA) preparation having 79.7% CLA

content [the two main isomers 9Z,11E (48.6 %) and

10E,12Z (48.5%) along with minor amounts of E,E-CLA

isomers (2.1%) and Z,Z-CLA isomers (0.8%), all normal-

ized to the total CLA content] was a kind gift from Loders

and Croklaan Lipid Nutrition Co. (Wormer veer,

Netherlands).

Lipase from Candida cylindracea was purchased from

Fluka (No. 62316). The inorganic salts and materials for

biomass production were the corresponding products of

Sigma, Aldrich or Fluka.

Microorganisms

The filamentous fungi used in this study were as follows:

Actinomucor elegans ATCC 6476; Aspergillus niger

ATCC 10864; Aspergillus oryzae IFO 5238, NRRL 1808,

NRRL 3485 and NRRL 6270; Aspergillus oryzae var.

brunneus IFO 30102; Aspergillus sojae NRRL 6271;

Aspergillus sp. TUB F-1755; Aspergillus terreus FRR

2532; Chaetomium cochliodes NRRL 2320; Chaetomium

elatum UAMH 2672; Chaetomium funicola UAMH 3034;

Chaetomium globosum NRRL 6296 and OKI 270; Chae-

tomium virescens ATCC 32319; Epicoccum nigrum

BSUM; Fusarium oxysporum f. sp. dianthi HIPP; Glio-

cladium catenulatum NRRL 1093; Gliocladium roseum

NRRL 1085; Gliocladium vermoesenii NRRL 1752; Mucor

hiemalis NRRL 13.009; Myrothecium verrucaria NRRL

2003; Paecilomyces farinosus VKM F-816; Paecilomyces

lilacinus NRRL 895; Paecilomyces marquandii NRRL

901; Paecilomyces varioti IFO 4855; Phanerochaete

chrysosporium ATCC 24725; Rhizopus arrhizus ATCC

6204; Rhizopus sp. TUB F-1260; Scopulariopsis brevi-

caulis WFPL 248 A; Stemphylium botryosum DAOM

166.388, Thamnidium elegans ATCC 18.191, Thamnosty-

lum piriforme ATCC 8686; Tolypocladium geodes CBS

723.70; Trichoderma asperellum TUB F-868; Trichoderma

effusum TUB F-354; Trichoderma harzianum ATCC

56.678, TUB F-791, TUB F-886, TUB F-946, TUB F-947

and TUB F-963; Trichoderma virens TUB F-498 and

Zygorchynchus moelleri ATCC 1208. The strains were

obtained from American Type Culture Collection (ATCC),

Manassas, VA; Botany School, University of Melbourne

(BSUM), Parkville, Vic., Australia; Centraalbureau voor

Schimmelcultures (CBS), Utrecht, The Netherlands;
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Department of Agriculture, Eastern Cereal and Oilseed

Research Centre (DAOM), Ottawa, Canada; Institute for

Fermentation (IFO), Osaka, Japan; Food Research Labo-

ratory (FRR), CSIRO, North Ryde, NSW, Australia;

Hungarian Institute for Plant Protection (HIPP), Budapest,

Hungary; Northern Regional Research Center (NRRL),

USDA, Peoria, IL, USA; National Institute for Public

Health (OKI), Budapest, Hungary, Budapest University of

Technology and Economics (TUB), Hungary; University

of Alberta Mold Herbarium and Culture Collection

(UAMH), Alberta, Canada; Russian Culture Collection of

Microorganisms (VKM), Moscow, Russia and Western

Forest Products Laboratory (WFPL), Vancouver, Canada.

Many of these isolates were tested in our previous study for

lipase production (13). Strains were stored as freeze-dried

cultures and revitalized on potato-dextrose-agar (PDA)

medium in Petri plates at 30 �C.

Solid State Fermentation (SSF)

Solid state fermentation was carried out in cotton-plugged

500 ml Erlenmeyer flasks on a solid wheat bran medium

(10 g) containing a mixture of wheat bran (9 g) and olive

oil (1 g), and wetted with a salt solution to a 60 and 70%

moisture content. In a few experiments a mixture of sterol

esters (1 g)—instead of olive oil—was used as an enzyme

inducer. Composition of the salt solution (w/v) was 0.5%

NH4NO3, 0.5% KH2PO4, 0.1% MgSO4�7H2O, 0.1% NaCl

and 0.1% (v/v) trace element solution, pH 6.0. The com-

position of the trace element solution (w/v) was the

following: 0.08% MnSO4, 0.17% ZnSO4�7H2O, 0.25%

FeSO4�7H2O. In some experiments performed with the two

best strains, Aspergillus oryzae NRRL 6270 and Asper-

gillus sojae NRRL 6271, wheat bran was also tested in a

wider moisture content range, without adding any inducer.

The wet SSF media were routinely sterilized in an

autoclave, inoculated from fully sporulating Petri plate

cultures (PDA, 106 viable spores/g dry matter SSF med-

ium) and incubated at 30 �C without shaking (still culture).

To avoid inhomogeneity during sampling from the SSF

material the whole SSF material in one flask were taken as

a sample. In addition, parallel/simultaneous Erlenmeyer

flask SSF cultivations were performed in order to obtain an

appropriate amount of material for sampling. After dewa-

tering the SSF material (by drying at room temperature or

removing water with acetone), the dried SSF samples were

properly homogenized. For the organic chemical reactions

several smaller portions from different part of the

homogenized SSF sample were taken.

Lipase activity was determined from the culture extract

of the SSF samples. The content of each Erlenmeyer flask

was mixed thoroughly with an appropriate volume (to

make a total volume of 150 ml) of 0.1% Tween-80

solution. The SSF material was extracted at room tem-

perature for 2 h with occasional shaking, then centrifuged

at 9,500g for 10 min and the supernatant was used for the

assay.

In the sterol esterification tests, different types of dry

SSF samples were used. The wet SSF material was de-

watered by two different methods, namely (a) direct drying

at room temperature (21 �C) for 24 h and/or (b), removing

water with 3 v/w cold acetone and final drying at room

temperature for 24 h (moisture content of dried SSF

materials is approximately 6% after room temperature

drying). For enzyme extraction studies, SSF material was

extracted at room temperature with 0.1% Tween-80 solu-

tion (as for the lipase activity tests), and after 2 h, a second

extraction step was performed. The extracted SSF material

was dewatered with 3 v/w cold acetone and finally dried at

room temperature for 24 h. For testing the ultrafiltered

crude enzyme extracts, 10 ml of the crude supernatants

(right after extraction and centrifugation) were filtered

through a 0.22 lm filter (Millipore) and concentrated by

ultrafiltration using a 5-kDa Amicon Ultra Centrifugal

Filter Device (Millipore) at 3,500g for 45 min. The filtrate

and the concentrated solution were lyophilized before use

in the sterol esterification experiments.

Shake Flask/Submerged Fermentation (SmF)

Three different media were used for shake flask fermen-

tation experiments: Med 1, containing 3% (w/v) of ground

wheat bran, 0.3% (w/v) of NH4NO3, 0.3% (w/v) of

KH2PO4, 0.05% (w/v) of NaCl, 0.05% (w/v) of

MgSO4�7H2O, 0.1% (w/v) of trace element solution. Med

2, containing 3% (w/v) of ground wheat bran, 0.5% of

(w/v) corn steep liquor (50%), 0.3% (w/v) of (NH4)2HPO4,

0.05% (w/v) of NaCl, 0.05% (w/v) MgSO4�7H2O, 0.1%

(w/v) trace element solution. Med 3, containing 3% (w/v) of

ground wheat bran, 0.5% (w/v) of soybean meal, defatted,

0.1% (w/v) of (NH4)2SO4, 0.1% (w/v) of KH2PO4, 0.1%

(w/v) of CaCO3, 0.05% (w/v) of NaCl, 0.05% (w/v) of

MgSO4�7H2O, 0.1% (w/v) of trace element solution.

The composition of the trace element solution is the

same as the one used in SSF; 150 ml of each medium was

added to a 750 ml flask and sterilized in an autoclave at

121 �C for 20 min. The sterile media were inoculated from

fully sporulating Petri plate cultures (106 viable spores per

ml) and incubated at 30 �C on a rotary shaker at 220 rpm.

After 40 h of incubation the crude fermentation material

was centrifuged at 9,500g for 10 min and the supernatant

was used for the assay.

For the sterol esterification tests, dried (a) or ultrafiltered

(b) SmF (submerged fermentation) samples were used.
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(a) The 40 h SmF material was filtered through a glass

filter, washed with distilled water and dried at room

temperature for 24 h (fungal biomass plus residual

insoluble media components).

(b) Ten milliliter of the centrifuged supernatant was

filtered through a 0.22-lm filter (Millipore) and

concentrated by ultrafiltration using a 10-kDa Amicon

Ultra Centrifugal Filter Device (Millipore) at 3,500g

for 45 min. The filtrate and the concentrated solution

were lyophilized before use in sterol esterification

experiments (extracellular enzymes).

Lipase Activity Test from SSF Preparations

Lipase activity was determined according to Vordelwül-

becke et al. [11] using p-nitrophenyl-palmitate (pNPP,

SIGMA) as a substrate. Solution A contained 90 mg of

pNPP dissolved in 30 ml of propane-2-ol. Solution B

contained 2 g Triton X-100 and 0.5 g gum arabic (SIGMA)

dissolved in 450 ml buffer (Tris–HCl, 50 mM, pH 8.0).

The assay solution was prepared by adding 1 ml of solution

A to 9 ml of solution B to obtain an emulsion, which

remained stable for 2 h. The assay mixture contained 2 ml

of the emulsion and 0.5 ml of the appropriately diluted

enzyme extract. After incubation at 45 �C for 30 min, the

liberated p-nitrophenol (pNP) was measured at 410 nm.

Enzymatic Sterol Ester Formation Screen

Suspensions of the enzyme preparations (20 mg/5 mg

in case of the concentrated enzymes) with a solution of

b-sitosterol (20 mg) and lauric acid (20 mg) in toluene

(0.5 ml) were shaken at 1,000 rpm in sealed glass vials at

room temperature for the time indicated in Tables 1, 2 and

3. The conversions were checked by TLC (hexane-acetone

10:1, v/v). At the reaction time indicated in Tables 1, 2 and

3, the ratio of the product and residual substrate fractions

were analyzed by GC.

Enzymatic Esterification of b-Sitosterol with Lauric

Acid on Preparative Scale

The preparative scale conversions of b-sitosterol (200 mg,

each) catalyzed by SSF preparation 229 and 231 (from

Aspergillus oryzae NRRL 6270) or by 239 and 241 (from

Aspergillus sojae NRRL 6271) (200 mg each) were also

performed with lauric acid (200 mg) in toluene (5 ml).

After shaking the reaction mixture at 1,000 rpm, 35 �C for

72 h, the enzyme preparation was removed by filtration.

The solvent was distilled off from the filtrate by rotary

evaporation and the residue was separated by column

chromatography (silica gel, hexane-acetone 10:0.2, v/v) to

give the sterol ester as a light yellow oil.

GC data of the purified lauric ester are shown in Fig. 1.

GC retention times (Restek Rtx-65TG column, injector

350 �C, detector 350 �C, 290–322 �C, at 2 �C/min, 16 psi);

Rt, min: for components of the plant b-sitosterol: 2.41

(cholesterol), 2.92 (stigmasterol), 3.03 (campesterol) and

3.26 (b-sitosterol, main); for components of the lauryl ester

of the plant b-sitosterol: 11.65, 12.39, 12.76, 13.57 (main).

Fig. 1 GC data for the esterification reaction of plant b-sitosterol

with lauric acid catalyzed by SSF-preparation 241 (Aspergillus sojae
NRRL 6271). a GC chromatogram of the plant b-sitosterol used as

starting compound (1: cholesterol, 1.4%; 2: stigmasterol, 36.9%; 3:

campesterol, 5.9%; 4: b-sitosterol, 55.6%). b GC chromatogram of an

esterification reaction mixture from b-sitosterol and lauric acid with

an 85% conversion. c GC data for the purified product (lauryl ester of

plant b-sitosterol: 5: cholesteryl laurate; 6: stigmasteryl laurate; 7:

campesteryl laurate; 9: b-sitosteryl laurate)
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Characteristic signals of the sterol esters (in addition to

the aliphatic/alicyclic protons of the sterol moiety) in the
1H-NMR spectra: 0.9 ppm (3H, s, CH3), 1.25 ppm (18H, m,

9 · CH2), 2.23 ppm (2H, t, C3–CH2), 4.63 ppm (1H, m,

CH–OAcyl).

Enzymatic Esterification of b-Sitosterol

with Conjugated Linoleic Acid (CLA)

on Preparative Scale

Esterification of b-sitosterol (400 mg, 0.97 mol) with

conjugated linoleic acid (272 mg, 0.97 mol) in the pres-

ence of SSF-241 preparation (from Aspergillus sojae

NRRL 6271) was performed in toluene (10 ml). After

shaking the reaction mixture at 1,000 rpm, 35 �C for 168 h,

the enzyme preparation was removed by filtration. The

solvent was distilled off from the filtrate by rotary evapo-

ration and the residue was separated by column chroma-

tography (silica gel, hexane-acetone 10:0.2–10:1, v/v) to

give sterol ester (410 mg, 61%), residual CLA (75 mg,

28%) and b-sitosterol (108 mg, 27%). Conversion was

determined by 1H-NMR using the integral ratio of the two

characteristic signals of the free sterols at 3.57 ppm (0.3 H,

m, –CH–OH) and sterol esters at 4.63 ppm (0.7 H, m,

CH–OAcyl).

GC-data for the residual conjugated linoleic acid is

shown in Fig. 2. GC retention times (HP-INNOWax col-

umn, injector 250 �C, detector 250 �C, 100–250 �C, at

10 �C/min, 12 psi) for the main isomers of residual CLA;

Rt, min: 17.18 (35.9%, minor, 10E,12Z-isomer) and 17.30

(64.1%, major, 9Z,11E-isomer).

Identification of the CLA Isomers by Preparation

of Conjugated Linoleic Acid Methyl Ester

and its Partial Hydrolysis with Lipase

from Candida cylindracea

To a solution of conjugated linoleic acid (5 g) in toluene

(50 ml) and methanol (50 ml) was added dropwise 5 ml

conc. sulfuric acid. After 12 h, the mixture was diluted

with 100 ml hexane, washed with sat. Na2CO3 solution

(2 · 50 ml) and brine (30 ml). After drying over MgSO4,

the solvent was removed in vacuum to yield CLA methyl

ester (88%) as a light yellow oil. GC analysis of CLA

methyl ester was performed on HP-INNOWax column.

CLA methyl ester (200 mg) and lipase from Candida

cylindracea (50 mg) were added to 0.1M sodium phos-

phate buffer (3 ml, pH = 7) and the mixture was shaken at

room temperature for 0.5 h. The product was extracted

with dichloromethane (5 ml) dried (MgSO4). GC analysis

of the isolated reaction mixture revealed 18% conversion.

GC retention times (HP-INNOWax column, injector

250 �C, detector 250 �C, 100–250 �C, at 10 �C/min, 12 psi);

Rt, min: for the CLA methyl ester fraction: 11.46 (26.37%,

minor, 10E,12Z-isomer) and 11.57 (55.43%, major, 9Z,11E -

isomer), for the CLA fraction: 17.18 (15.82%, major,

10E,12Z-isomer) and 17.30 (2.37%, minor, 9Z,11E-isomer).

Results and Discussion

There are several reports dealing with extracellular lipase

production by fungi on different media under submerged

(SmF) conditions. However, in recent years it was found

that SSF is more appropriate in several cases for the pro-

duction of enzymes and other thermolabile products,

because higher yields can be obtained than in SmF [12].

Because a previous lipase/esterase activity screening of

mesophilic fungi cultivated by solid state fermentation

(SSF) resulted in biocatalysts exhibiting high productivity

and enantioselectivity in synthetic biotransformation [13]

and isolation of novel microbial sterol esterases—e.g.,

from ascomycete Melanocarpus albomyces [14]—have

been published recently, we thought it worthwhile to

screen several less characterized fungi for sterol esterase

activities. Considering the SSF matrix as a natural immo-

bilization carrier, we decided to test the gently dried SSF

materials as biocatalysts without further downstream

processing.

As in numerous cases, lipase preparations—e.g., from

porcine pancreas (PPL, Amano), Pseudomonas sp. (Lipase

Fig. 2 GC data for the esterification reaction of plant b-sitosterol

with CLA catalyzed by SSF-preparation 241 (Aspergillus sojae
NRRL 6271). a GC chromatogram for the starting CLA (the two

stereoisomers: 9Z,11E- and 10E,12Z-isomers). b GC chromatogram

for the unreacted CLA fraction for the reaction mixture of the

esterification reaction between plant b-sitosterol and CLA after 70%

conversion
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PS, Amano), Chromobacterium viscosum (Lipase LP) and

Candida rugosa (Lipase AY, Amano)—exhibited sterol

esterase activities as well [15], whereas lipase preparations

from Aspergillus sp. (Lipase A, Resinase A) exhibited no

sterol esterase activity [16]—the lipase activity and the

sterol ester production activity were tested in parallel.

First, we tested the sterol esterase activity of all the

strains, which were screened for lipase activity previously

[13] using esterification of b-sitosterol with lauric acid in

an organic solvent. Because in this preliminary screen, only

Aspergillus species exhibited measurable sterol esterase

activity, the investigation was extended to other Aspergil-

lus strains, which are GRAS (Table 1).

In this extended screen of sterol esterase activity, the

SSF conditions (wheat bran of 60% moisture content as

substrate, olive oil as inducer and air drying at RT) applied

in our recent screen for lipase activity of fungal strains [13]

were chosen as a starting point. In addition, the effect of

water content during SSF (60 or 70% moisture contents)

and the drying method of the biomass (simple air drying at

R.T. or washing with acetone) on sterol esterase activity

were also tested (Table 1).

Considering the highest rate of conversion in esterifi-

cation of b-sitosterol and the simplicity of the final

treatment of the biocatalyst, the SSF conditions using

wheat bran having 60–70% moisture content in substrate,

olive oil as inducer and air drying at RT were chosen as

conditions for further screening. From the six Aspergillus

oryzae/sojae SSF enzyme preparations tested, two strains

(A. oryzae NRRL 6270 and A. sojae NRRL 6271) exhib-

iting good conversions at 240 h in the sterol esterification

reaction were chosen for the further tests.

In several cases, the sterol ester activities of the SSF

preparations were not in accordance with their lipase

activities. To clarify this situation, these two strains (A.

oryzae NRRL 6270 and A. sojae NRRL 6271) were further

tested under SSF conditions, using different substrates and

no inducer in a wider range of moisture contents (Table 2).

It became clear that these conditions had a different effect

on the lipase and sterol esterase activities. Interestingly,

slightly higher lipase activities were observed for the non-

induced SSF preparations as for the preparations induced

with olive oil, with a maximum at 75% moisture content. In

contrast, the sterol esterase activity was high at lower

moisture content (60–67%) and decreased significantly

when the moisture content was above 70%. Both lipase and

sterol esterase activities of SSF preparations cultivated on

sunflower seed waste or rapeseed were lower than that of

Table 1 Effect of moisture

content and drying method of

olive oil induced SSF

preparations from Aspergillus
strains on lipase activity and

esterification of plant b-

sitosterol with lauric acid

a RT air drying at room

temperature
b Conversions of esterification

with lauric acid in toluene

catalyzed by the SSF

preparations after 240 h were

determined by GC

Sample no. Strain Moisture

(%)

Lipase activity

(U/g)

Dryinga Convb. (%)

141 Aspergillus oryzae IFO 5238 60 43 RT 36

142 60 43 Acetone 9

143 70 32 RT 21

144 70 32 Acetone 6

145 Aspergillus oryzae NRRL 1808 60 44 RT 17

146 60 44 Acetone 4

147 70 28 RT 41

148 70 28 Acetone 3

149 Aspergillus oryzae NRRL 3485 60 83 RT 12

150 60 83 Acetone 6

151 70 37 RT 27

152 70 37 Acetone 16

180 Aspergillus oryzae TUB F-1755 60 78 RT 31

181 60 78 Acetone 14

182 70 45 RT 49

183 70 45 Acetone 22

184 Aspergillus oryzae NRRL 6270 60 107 RT 20

185 60 107 Acetone 8

186 70 26 RT 73

187 70 26 Acetone 44

188 Aspergillus sojae NRRL 6271 60 190 RT 43

189 60 190 Acetone 10

190 70 85 RT 32

191 70 85 Acetone 38
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SSF preparation cultivated on wheat bran under the same

conditions. The best condition for sterol esterase produc-

tion of the two selected Aspergillus species by SSF without

inducer was found to be a cultivation on wheat bran con-

taining 67% moisture.

Because inducing by olive oil had a positive impact on

lipase activity [13], induction of the sterol esterase activity

by sterol esters seemed to be a logical further step.

Therefore, SSF preparations induced by a mixture of sterol

esters were also tested in the esterification reaction of b-

sitosterol with lauric acid (Table 3). As the forming steryl

laurates are different (GC Rt: 11–14 min, see also Fig. 1)

from the sterol esters used as inducer (GC: Restek Rtx-

65TG column, 290–342 �C, 2 �C/min, 16 psi; 19–24 min),

the residual inducer was expected not to influence the result

of the activity test. In fact, analysis of the samples from the

steryl laurate formation reactions catalyzed by the sterol

ester induced SSF preparations (Table 3) revealed no sig-

nificant amounts of the inducer sterol esters.

As expected, the sterol esterase activity of the Asper-

gillus SSF preparations increased significantly due to

induction with sterol esters. The sterol ester induced SSF

preparations reached the same conversion in the b-sitos-

teryl laurate formation much faster (45% conv. at 48 h: No.

239 in Table 3) then the corresponding olive oil induced

preparations (43% conv. at 240 h: No. 188 in Table 1).

Comparing the SSF preparations grown on the same sub-

strate having similar moisture content, the final conversions

were much higher even after 168 h with the sterol ester

induced preparations (Table 3) than the conversions after

240 h with preparations induced with olive oil (Table 1) or

without inducer (Table 2). Similarly to the non-induced

cases (Table 2), the best moisture contents with respect to

high sterol esterase/low lipase activity of the A. oryzae and

A. sojae SSF preparations were in the range of 60–67%

(Table 3). At the 70–75% moisture content range the sterol

esterase activity dropped while lipase activity increased

significantly. At higher moisture content (80%) both sterol

esterase and lipase activities decreased significantly. This

different activity optima for the sterol esterase and lipase

activities of the A. oryzae and A. sojae SSF preparations

clearly indicate that sterol esterase/lipase activities belong

to distinct enzymes in these two strains.

As many fungal genomes—among them genomes for

several Aspergillus strains—have been fully explored

recently, we decided to identify these enzymes in these

genomes as well. Thus, the known sterol esterase of Sac-

charomyces cerevisiae (SwissProt: P34163) [17, 18] was

chosen as template for a BLAST search [19] within fungal

genes in the SwissProt/TrEMBL sequence databases.

Among the first 20 hits there were 7 genes from Aspergillus

strains [A. terreus (Q0CIB3), A. fischerianus (A1DET8),

A. nidulans (Q5B446), A. fumigatus (Q4WUM3), A. niger

(A2QN29), A. clavatus (A1CAG4), A. oryzae (Q2U453)].

As the sequence of the A. oryzae gene [20] (TrEMBL:

Q2U453) shares high sequence identity (42%)/homology

(60%) with the S. cerevisiae sterol esterase (SwissProt:

P34163) [17, 18] and our data clearly indicate the inde-

pendence of lipase and sterol esterase activities in A.

oryzae, we assume that this sequence (TrEMBL: Q2U453)

Table 2 Effect of moisture

content, type of substrate and

duration of SSF of non-induced

SSF preparations from

Aspergillus strains on lipase

activity and biotransformation

of plant b-sitosterol

a Conversions of esterification

with lauric acid in toluene

catalyzed by air-dried

preparations after 240 h were

determined by GC

Sample no. Strain Substrate Moisture

(%)

Lipase activity

(U/g)

SSF

(day)

Conv.a

(%)

249 Aspergillus oryzae
NRRL 6270

Wheat bran 60 50 2 61

251 Wheat bran 67 116 2 62

253 Wheat bran 70 152 2 53

255 Wheat bran 75 445 2 24

257 Wheat bran 80 71 2 11

300 Sunflower seed waste 50 266 5 1

301 Sunflower seed waste 60 129 5 0

302 Rapeseed 41 76 4 4

303 Rapeseed 50 82 4 4

259 Aspergillus sojae
NRRL 6271

Wheat bran 60 178 2 41

261 Wheat bran 67 301 2 43

263 Wheat bran 70 344 2 35

265 Wheat bran 75 407 2 17

267 Wheat bran 80 35 2 17

304 Sunflower seed waste 50 176 5 0

305 Sunflower seed waste 60 42 5 0

306 Rapeseed 41 57 4 3

307 Rapeseed 50 38 4 2
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belongs to the sterol esterase activity which we found in

this strain. Furthermore, the other homologous sequences

in the TrEMBL database with ‘‘putative assignment’’ of

their functions as ‘‘triglyceride lipase-cholesterol esterase’’

imply that the presence of sterol esterase is a common

feature of many Aspergillus strains.

For testing the extra- or intracellular nature of the sterol

esterases and increasing the specific activity of the prep-

arations, extraction experiments were performed with both

Aspergillus oryzae NRRL 6270 and Aspergillus sojae

NRRL 6271 SSF preparations (wheat bran, 67% moisture,

no inducer). After extraction of the SSF material and

ultrafiltration of the extract, the residual dried SSF mate-

rial and the lyophilized concentrated extract and filtrate

were analyzed in the test reaction between b-sitosterol and

lauric acid. In this test, only the residual SSF material

exhibited sterol esterase activity after 240 h (A. oryzae

NRRL 6270: 53% conversion; 55% conversion with the

non-extracted control SSF preparation) indicating the

intracellular or cell wall bound nature of the enzyme.

Worth to mention here that the signal-anchor motif for

type III membrane proteins of the S. cerevise sterol

esterase (14–34: YIIVVLVYIESIISSVLKLIP) which is a

known membrane-anchored protein [18] shows a high

degree of sequence identity (30%)/homology (65%) to the

15–39 sequence portion of A. oryzae sterol esterase

(TrEMBL: Q2U453).

For comparing the two fermentation methods, we also

performed submerged/shake flask fermentation (SmF) with

both target strains (A. oryzae NRRL 6270 and A. sojae

NRRL 6271). Similarly to the SSF extraction experiments,

the dried cell mass and the ultrafiltered supernatant samples

were tested for sterol esterification. In agreement with the

SSF results, only the gently dried cell mass was effective in

the esterification test (A. oryzae NRRL 6270: 37% con-

version after 240 h), confirming the intracellular or cell

wall-bound nature of the sterol esterase activity. This

experiment also indicated the efficiency of SSF over SmF

as lower conversion was achieved with the dried SmF cell

mass (37%) as with the same amount of SSF preparation,

which contains, in addition to the cell mass, the substrate

matrix as well (55%).

To demonstrate the synthetic usefulness of the SSF

biocatalysts, the esterification between lauric acid and the

plant b-sitosterol was investigated on preparative scale

(starting from 200 mg of plant b-sitosterol) with the four

best SSF preparations (Table 4). All the four selected SSF

biocatalysts were succesfully applied in the preparative

scale sterol esterification reactions resulting in 45–63%

conversions (GC) and 27–38% isolated yields of steryl

laurates (Table 4), which were unambiguously character-

ized by GC and 1H-NMR spectroscopy (Fig. 1).

Finally, the esterification reaction between conjugated

linoleic acid (CLA; containing the two main isomers

Table 3 Effect of moisture

content of sterol ester induced

SSF preparations from

Aspergillus strains on lipase

activity and biotransformation

of plant b-sitosterol

a Conversions of esterification

with lauric acid in toluene

catalyzed by air-dried

preparations were determined

by GC

Sample no. Strain Moisture

(%)

Lipase activity

(U/g)

Conv.a (%)

at 48 h 168 h

229 Aspergillus oryzae NRRL 6270 60 64 29 72

231 67 81 28 72

233 70 217 20 64

235 75 125 8 25

237 80 13 0 9

239 Aspergillus sojae NRRL 6271 60 80 45 85

241 67 160 44 85

243 70 206 40 83

245 75 308 7 21

247 80 46 3 16

Table 4 Results of the preparative-scale esterifications of plant b-sitosterol with lauric acid using sterol ester-induced Aspergillus SSF

preparations

Sample no. Strain Moisture (%) Lipase activity (U/g) Conv.a (%) Yieldb (%)

229 Aspergillus oryzae NRRL 6270 60 64 45 27

231 67 81 54 33

239 Aspergillus sojae NRRL 6271 60 80 49 29

241 67 160 63 38

a Conversions of esterification with lauric acid in toluene catalyzed by air-dried preparations after 72 h were determined by GC
b Isolated yield after column chromatography on silica gel
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9Z,11E- and 10E,12Z- in equal amounts) and plant b-

sitosterol was investigated with the A. oryzae NRRL 6271

SSF preparation (sample No 241 in Table 3). The effi-

ciency of this SSF preparation in the esterification reaction

between plant b-sitosterol and CLA proved to be compa-

rable (70% conv. at 120 h) as between plant b-sitosterol

and lauric acid (85% conv. at 168 h, Table 3). In addition,

a slight preference towards one of the major isomers of

CLA was observed. The positional isomer-preference of

the sterol esterase catalyzed process was determined by

comparison of the residual CLA fraction from the sterol

esterification reaction to the CLA fraction obtained after

hydrolysis of CLA methyl ester by Candida cylindracea

lipase. As the isomer preference of the lipase from Candida

cylindracea for 9Z,11E-CLA over the 10E,12Z-isomer is

known [21], we were able to determine that A. oryzae

NRRL 6271 SSF preparation exhibits selectivity towards

the 10E,12Z-CLA in the esterification reaction with plant

b-sitosterol.

In conclusion, food-grade Aspergillus oryzae and

Aspergillus sojae strains cultivated under SSF conditions

were successfully applied to produce biocatalysts with

useful sterol esterase activity for the first time. Genome

analysis revealed that sterol esterase activity is a common

feature of many Aspergillus species. It was demonstrated,

that lipase and sterol esterase activities belong to distinct

enzymes. Finally, the synthetic usefulness of these SSF

preparations was proven by production of esters of plant

sterols with lauric acid and conjugated linoleic acid. In the

latter case isomeric preference of A. oryzae NRRL 6270

towards the 10E,12Z-CLA was also determined.
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