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Abstract In order to develop a clean and effective
approach for producing the valuable drug diosgenin from
Dioscorea zingiberensis tubers, tWo successive processes,
enzymatic saccharification and microbial transformation,
were used. With enzymatic saccharification, 98.0% of
starch was excluded from the raw herb, releasing saponins
from the network structure of starch. Subsequently, the
treated tubers were fermented with Trichoderma reesei
under optimal conditions for 156 h. During microbial
transformation, glycosidic bonds, which link (-D-glucose
or o-L-rthamnose with aglycone at the C-3 position in
saponins, were broken down effectively to give a diosgenin
yield of 90.6+2.45%, 42.4% higher than that obtained from
bioconversion of raw tubers directly. Scaled up fermenta-
tion was conducted in a 5.0-1 bioreactor and gave a
diosgenin yield of 91.24+3.21%. This is the first report on
the preparation of diosgenin from herbs through microbial
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transformation as well as utilizing other available compo-
nents in the raw material, providing an environmentally
friendly alternative to diosgenin production.
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Introduction

Diosgenin, a precursor for partial synthesis of oral
contraceptives, sex hormones, and other steroids, is widely
used in pharmaceutical industry (Saunders et al. 1986;
Oncina et al. 2000; Wang et al. 2007a). Nowadays, many
researchers found that diosgenin has antiproliferative and
proapoptotic effects on cancer cells (Trouillas et al. 2005;
Bertranda et al. 2009; Chiang et al. 2007; Jayadev and
Ranjana 2007) or on rheumatoid arthritis synoviocytes
(Liagre et al. 2004); it also shows pharmacological
activities such as antilipoperoxidative (Jayachandran et al.
2009) and antiskin aging (Yayoi et al. 2009) effects.
Preparation of diosgenin from plant tubers has been
extensively reported (Zhang et al. 2006; Adham et al.
2009). The main raw material used in industry in China is
Dioscorea zingiberensis C. H. Wright (DZW) because of
the high content of diosgenin in its tubers (Wang et al.
2008; Huang et al. 2008).

Diosgenin occurs in plants in the form of saponins
attaching glucose or rhamnose to aglycone by glyco-
sidic bonds at C-3 and C-26 (Qian et al. 2006).
Preparation of diosgenin from saponins mainly depends
on hydrolyzation of sugars at these two positions. In
industry, sulfuric acid is usually applied in hydrolyzing
raw herb to produce diosgenin. This method, however, is
associated with many environmental problems due to the
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high concentration of chemical oxygen demand (COD;
50,000-80,000 mg 1'1), SO,* (29,700-46,200 mg 1),
and acid (pH 0.18-0.46) in wastewater resulting from the
acid hydrolysis process (Zhao et al. 2008; Cheng et al.
2009).

Efforts have been made by many researchers to
solve this problem by focusing on clean methods to
produce diosgenin. One interesting aspect is recovery
of cellulose and starch from raw material using
physical or biological approaches before acid hydroly-
sis, by which 50-70% of COD is reduced in the
processing wastewater. Nevertheless, residual COD
(10,000-20,000 mg 1°'), SO,*", and H' from acid
hydrolysis still lead to water pollution (Wang et al.
2008). Releasing diosgenin through biological transfor-
mation (microorganisms and enzymes) is another poten-
tial technique (Fernandes et al. 2003). To convert
saponins into diosgenin, multi-enzymes (cellulase, f3-
glucosidase, and pectinase) have been used (Huang et al.
2008). However, this method is not economical because
of the high price of commercial enzymes (Wang et al.
2007b). If microorganisms could be applied in trans-
forming saponins, the cost of the biological process
would be significantly reduced. Some fungal strains
identified as members of the genera Penicillin, Aspergil-
lus, and Curvularia have the ability to cleave sugar
chains in saponins (Feng et al. 2005, 2007; He et al.
2006; Zhao et al. 2007; Qi et al. 2009). But the low
diosgenin yield is a major drawback for their application
(Zhao et al. 2007; Qi et al. 2009). So far, most of the
microbial research has focused on identifying steroidal
saponins in the bioprocess to reveal the mechanism of the
transformation, but few studies have been carried out
concerning means of increasing diosgenin yield. There-
fore, it is of great importance to develop an effective
microbial approach for diosgenin production.

The three main component groups of DZW tubers are
starch (30—40%, w/w), cellulose (40-50%), and saponins
(2-4%; Wang et al. 2008; Huang et al. 2008). Saponins in
plant cells are in the network structure of starch (Cao 2004),
which reduces the contact of saponins and microorganisms.
This might be one of the reasons for the low diosgenin
productivity of microbial transformation in previous studies
(Qi et al. 2009). We set out to resolve this problem by
excluding starch with enzymatic saccharification from raw
material before microbial transformation.

For the reasons above, a combined technology of
enzymatic saccharification with microbial transformation
to prepare diosgenin from DZW was developed in this
study. Based on a primary screening of strains from
available fungal cultures and soil isolates, Trichoderma
reesei which bioconverts saponins effectively was select-
ed. The purpose of this study was to investigate the
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feasibility of this new approach for diosgenin production
in the laboratory.

Materials and methods
Material

Dried DZW tubers were provided by Tianhe Pharmaceuti-
cal Co. (Yunxi, Hubei, China). x-Amylase (2,000 IU g ")
and saccharifying enzyme (10,000 IU g~ ') were obtained
from Beijing Donghua Biotechnology Co. (Beijing,
China).

Microorganism

The fungal strain 7. reesei (ACCC 30597) was purchased
from the Agricultural Culture Collection of China (Beijing,
China) and acclimated in a sterilized substrate of 50%
multisaponins. The strain was stored at 4°C on potato
dextrose agar slant and subcultured routinely every
2 weeks.

To prepare the inocula, spores in a 7-day-old agar
slant were suspended in 5 ml of 0.01% Tween 80
solution (107 spores ml ") and transferred into 100 ml of
subculture medium composed of (in grams per liter) 30
sucrose, 3 NaNOs, 1 K,HPOy, 0.5 MgSO,, 0.01 FeSO,,
and 0.1 Tween 80. Fungal cells were subgenerated on a
temperature controlled shaking incubator at 150 rpm at
30°C for 72 h.

Enzymatic saccharification

Dried DZW tuber (500 g) was cleaned, cut, and ground
in a pulverator (model 6020; Beijing Huanyatianyuan
Co., Ltd., Beijing, China), uniformly mixed with 3.0 1
tap water in a 5.0-1 fermenter (SY3005; Shanghai
Shiyuan Bioequipment Co., Ltd., Shanghai, China), and
boiled for 1 h, then adjusted to pH 6.5 after cooling,
incubated at 70°C for 1 h with 10 g of dry amylase. The
enzymatic hydrolyzate was adjusted to pH 4.0 at room
temperature and then saccharified with 15 g of saccha-
rifying enzyme at 60°C for 8 h, followed by centrifuga-
tion at 4,000 rpm for 10 min. The solid residue was
washed with water, centrifuged, and dried at 60°C,
ground again to pass through a 100-mesh screen to
obtain pretreated DZW (PDZW). The contents of ash,
moisture, starch, fiber, reducing sugar, and saponins in
DZW and PDZW were analyzed according to the
methods described by Huang et al. (2008). The morpho-
logical features of DZW and PDZW were observed with a
FEI-Quanta 200F scanning electron microscope (SEM;
FEI Company, USA).
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Microbial transformation
Shake flask cultivation

Microbial transformation tests were conducted in 250 ml
Erlenmeyer flasks containing 100 ml medium composed
of [in percent (weight/volume)] 2.67 peptone, 0.29
K,HPO,, 0.73 Tween 80, 9.77 PDZW (27.1 DZW), and
pH 5.8. Each flask was autoclaved, inoculated with 10 ml
of subcultured fungal cells, and incubated aerobically in a
temperature-controlled shaker at 150 rpm and 30°C for
156 h.' One set of flasks was taken out from the shaker
every 12 h. Biomass, reducing sugar, (3-glucosidase (EC
3.2.1.21), «-glucosidase (EC 3.2.1.21), diosgenin yield,
and saponins in the microbial transformation process were
determined to evaluate the transformation efficiency. All
experiments were carried out in triplicate and values were
averaged. One control flask was prepared, in which no
strain was inoculated.

Batch fermentation

The microbial transformation was scaled up in a 5.0-1 stirred
tank bioreactor (Biotech-SBG automatic fermentor; Shang-
hai Baoxing Biological Equipment Co., Ltd., Shanghai,
China) with a 3.0-1 working volume of optimal medium
composed of [in percent (weight/volume)] 2.67 peptone,
0.29 K,HPO,, 0.73 Tween 80, 9.77 PDZW (27.1 DZW),
and 0.01 silicon antifoam agent. The bioreactor was
sterilized at 121°C for 15 min and the initial medium pH
was adjusted to 5.8 with 1 M HCI. After inoculation with
300 ml subcultured strain, the fermentation lasted 156 h at
30°C with an agitation rate of 300 rpm and aeration speed
of 0.8 vvm, followed by centrifugation at 4,000 rpm for
10 min. The solid was dried at 60°C and ground for
extraction of diosgenin.

Microbial transformation pathway for saponins

The main saponins in PDZW and converted products
were separated by thin-layer chromatography (TLC) on a
preparation plate (50%x100 mm, Silica gel GF,s4; Qing-
dao Haiyang Chemical Co., Ltd., Shandong, China) using
CHCIL3;-CH30H-H,0=65:35:10 (lower phase) as devel-
oping solvent. The structures of the purified compounds
were identified by electrospray ionization mass spectrom-
etry (ESI-MS; HP 1100 LC-MS" Trap SL System; Agilent,
USA) and nuclear magnetic resonance (NMR) analysis

! The fermentation medium components and condition parameters in
this study were optimized for high diosgenin yield and will be
reported later.

(Bruker ARX 400 MHz spectrometer; Bruker Corp.,
Switzerland).

Purified saponin (1 ml, 0.05 mg 1') was incubated
with 1 ml crude microbial enzyme obtained from 96 h
fermentation broth in each 10-ml tube at 55°C for various
times. Every 24 h, a tube was taken out and the saponins
were extracted with 1 ml n-butanol and detected with
high-performance liquid chromatography (HPLC)-ESI-
MS.

Analysis
Biomass

Because of the presence of PDZW, the biomass in each
flask during the microbial transformation could not be
detected directly. Intracellular protein concentration
was measured using the method proposed by Zhang
et al. (2007) with a UV/Vis spectrophotometer (APE-
CORD 200; Analytik Jena, Germany). The biomass was
quantified by reference to the calibration curve y=6.21x
+1.08, R2=0.9O21, where x is intracellular protein
concentration (grams per liter) and y is biomass (grams
per liter).

a- and (-glucosidase

The broth from a fermentation sample in each flask was
centrifuged at 4°C and 10,000 rpm for 15 min, and the
suspension enzyme extract was harvested for activity
analysis. The o- and the (-glucosidase activity were
determined, respectively, using 5 mM p-nitrophenyl-«-D-
glucopyranoside and 5 mM p-nitrophenyl-3-D-glucopyr-
anoside as substrates (Sigma Aldrich Fine Chemical Co.,
Ltd., Shanghai, China). One milliliter of appropriately
diluted raw enzyme solution was incubated with 1 ml of
substrate in 0.1 M citrate buffer (pH 4.8) at 50°C in a
water bath for 10 min. The reaction was stopped by adding
1 ml of I M Na,CO;. The p-nitrophenol generated was
determined at 420 nm spectrophotometry. One unit (IU) of
activity was defined as the amount of enzyme that released
1 pumol of p-nitrophenol per minute under the assay
conditions.

Diosgenin

The whole fermentation sample medium in each flask
(100 ml) was centrifuged, dried at 60°C, extracted with
50 ml of chloroform, and ultrasonicated for 30 min
(KQ3200B ultrasonicator, Kunshan Ultrasonic Equip-
ment Co., Ltd., Jiangsu, China), followed by filtration.
The diosgenin concentration in filtrate was quantitatively
determined by HPLC (Huang et al. 2008).
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Table 1 Component analysis of

D. zingiberensis C. H. Wright Component DZW, % (w/w) PDZW, % (w/w) Recovery (%)
tubers and pretreated D. zingi-
berensis C. H. Wright tubers Moisture 8.37+0.15 7.914+0.10 66.0
Starch 37.5+0.98 2.11+£0.87 98.0
Reducing sugar 5.74£0.16 1.08+0.07 93.2
Hemicellulose 42.5+3.32 29.1£3.18 75.4
—9.90 the saponins content in- Cellulose 1.41+0.11 3.87+0.46 1.19
creased by 9.90% after treatment Lignin 6.65+0.32 18.0+1.63 2.39
#Recovery=(content in DZW— Ash 4.23+0.07 4.45+0.38 62.1
content in PDZW % 0.36)/content  gaponins 3.03+0.21 9.25+0.27 -9.90
in DZW

Diosgenin yield (percent) was calculated with the
equation:

Dy, — Dy
Y =m0 100%
D, — Dy °

where Y is diosgenin yield (percent), Dy is the diosgenin
content in 9.77 g substrate before treatment, and D,, and
D, are diosgenin content in 9.77 g substrate after
microbial and acid treatment, respectively.

Acid hydrolysis conditions: 9.77 g substrate was
mixed with 30 ml 1 M H,SO4 and autoclaved at 121°C
for 3 h, then filtered and washed with water until it
became neutral. The filtrate residue was dried at 60°C and
its diosgenin content was determined.

Saponins

TLC was applied to analyze the change of saponins in
PDZW during the fermentation process. The ethanol

sample extracts (obtained as for the chloroform extracts)
were deposited on silica gel 254 plates (Merk,
Germany) using chloroform—methanol-water (65:35:10,
low phase) as developing solvent. The reaction products
were visualized by soaking rapidly with ethanol solution
containing 10% (vol/vol) sulfuric acid and heating at
110°C for 2 min.

HPLC-ESI-MS

HPLC-ESI-MS analysis was carried out on an Agilent
1100 unit (Agilent, USA) with LC-MS equipped with
an electrospray interface (HP 1100 LC-MS" Trap SL
System; Agilent, USA) in negative ionization mode (0—
16 min) and positive ionization mode (16-25 min) using a
Zorbax Eclipse XDB-C;3 LC column (Agilent 2.1x
150 mm, particle size 5 pum, pore size 80 A, monomeric,
double-endcapped) at 40°C. The mobile phase was
methanol/water 85:15 (vol/vol) with a flow rate of
1 ml min~' for 25 min.

Fig. 1 SEM micrographs of D. zingiberensis C. H. Wright (a) tubers and pretreated D. zingiberensis C. H. Wright (b) tubers
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Fig. 2 Time course of reducing sugar, biomass, {3-glucosidase, -
glucosidase, and diosgenin in shake flask cultivation of PDZW
(square) and DZW (circle) by T. reesei. Data were expressed as mean
values. The standard deviations were less than 10%

Results
Enzymatic saccharification

The major function of enzymatic saccharification phase
was to exclude starch from DZW tubers in the form of
sugar. Chemical components in DZW and PDZW were
analyzed to evaluate the saccharification efficiency
(Table 1). DZW tubers contained 37.5% starch and
3.03% saponins, while about 2.11% starch and 9.25%
saponins were detected in PDZW. We obtained 0.36 g of
PDZW per | g treated DZW tuber. During the sacchari-

4 Wi g -Q4¢

SO S3 S4 S5 S6 S6.5 ST A S

Fig. 3 TLC of time course of saponins in shake flask cultivation of
PDZW by T. reesei. Lanes S0, S3, §4, S5, S6, S6.5, and S7 show the
EtOH extract of PDZW after incubation with 7. reesei for 0, 72, 96,
120, 144, 156, and 168 h. Lane A shows the EtOH extract of acid
hydrolyzed PDZW. Lane S shows the diosgenin standard. /, 2, 3, and
5 indicate saponins, and 4 indicates diosgenin

fication process, 98.0% starch was excluded from tubers,
the content of saponins increased by 9.90% as the
saponins were released from the network structure of
starch. This explanation was investigated by examination
of the morphological changes of the DZW before and
after enzymatic pretreatment (Fig. 1). Starch in DZW
(Fig. 1a) was oval to ellipsoid in shape with an unsmooth
surface as it contained some saponins. After pretreatment,
little starch was existed in PDZW (Fig. 1b) and some
granule with smaller size was detected. With enzymatic
saccharification, 0.24 g sugar was obtained from 1 g
DZW.

Microbial transformation
Shake flask cultivation

In the microbial transformation phase, it was noted that the
concentration of reducing sugar, biomass, (3-glucosidase, o-
glucosidase, and diosgenin yield changed in an interesting
way (Fig. 2). When T. reesei was grown on PDZW, reducing
sugar in suspension decreased during the first 48 h, and the
microorganism utilized this carbon source to build up its own
biomass, growing exponentially. At 72 h, most of the
reducing sugar was excluded from the zymotic fluid, and
this lack of a carbon source induced the culture to produce
[3-glucosidase and «-glucosidase to hydrolyze sugar chains
from saponins, leading to an increase in reducing sugar and
diosgenin yield. In this phase, the fungal biomass increased
slowly, reached a maximum at 84 h, and then decreased
slightly. The highest «- and (-glucosidase activity was
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Fig. 4 Proposed microbial transformation pathways of compounds 1-3 to diosgenin (compound 4)

obtained at 84 and 96 h, whereas the maximum diosgenin
yield of 90.6+2.45% (83.9+3.47 mg g ' PDZW, 30.2+
1.25 mg g ' DZW) occurred after 156 h of fungal growth.
The change of saponins with time during microbial
transformation was also estimated (Fig. 3). Before biocon-
version, four main saponins (Fig. 3 SO, compounds 1-4)
were separated from PDZW by prepared TLC and identified

@ Springer

as diosgenin-3-0-{[3-D-glucopyranosyl(1—4)]-[ x-L-rham-
nopyranosyl(1—4)]-[ «-L-rhamnopyranosyl(1—2)]}-[3-D-
glucopyranoside, diosgenin-3-O-{[«x-L-rhamnopyranosyl
(1-2)]-[3-D-glucopyranosyl(1—3)]}-B-D-glucopyranoside,
diosgenin-3-O-{[ x-L-thamnopyranosyl(1—2)]-[ x-L-thamno-
pyranosyl(1—4)]}-p-D-glucopyranoside, and diosgenin (see
supplemental material Figs. S1, S2, and S3). In the
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Fig. 5 TLC of saponins in DZW (S17); microbial hydrolyzate of DZW
(82); PDZW (S3); microbial hydrolyzate of PDZW obtained in medium
1 (S4; 2.67% peptone, 0.29% K,HPO,, 0.73% Tween 80) and medium
2 (855 2% glucose, 2.67% peptone, 0.29% K,HPO,, 0.73% Tween 80).
1, 2, 3, and 5 indicate saponins, and 4 indicates diosgenin

fermentation phase with 7. reesei, compounds 1-3 decreased
gradually, while the content of compound 4 increased.
Furthermore, one new compound (Fig. 3 S6.5) appeared
with a high Ry value and was verified as diosgenin-3-O-(3-D-
glucopyranoside (compound 5). The structures of com-
pounds 1-5 were shown in Fig. 4. Generally, most saponins
in PDZW were in the form of glycoside and transformed to
aglycone during fermentation by 7. reesei.

The microbial transformation pathway (Fig. 4) of
compounds 1-3 was further studied (see supplemental
material Figs. S4, S5, and S6). The hydrolysis of compound
1 was accomplished with three steps: firstly at the terminal
[3-D-glucosidic bond, secondly at the «-1,2-linked or -1,4-
linked glucosidic bond in the sugar chain at the C-3
position, and thirdly at the [3-glycosidic bond which links
[-D-glucose with the aglycone. The hydrolysis of com-
pound 2 was commenced at the end 3-1,3-glucosidic bond,
followed at the o-1,2-glycosidic in the sugar chain, and
finalized at the (3-glycosidic bond at C-3 position, and then
diosgenin was released. The hydrolyzing pathway of
compound 3 was similar to that of compound 1.

Batch fermentation

Scaling up was then conducted to bioconvert saponins at a
large scale. Under optimum conditions, a 91.2+3.21% yield
of diosgenin (84.5+4.37 mg g ' PDZW, 30.4+1.57 mg g
DZW) was obtained.

Discussion

Starch accounts for ~40% of the total mass of DZW
tubers; it is an available carbon source in the fermen-

tation industry but wasted in traditional microbial
transformation methods (Qi et al. 2009; Liu et al.
2009). Sugars resulting from enzymatic saccharification
process can be used as a carbon source for the production
of ethanol, lactic acid, citric acid, and vitamin B, (Wang et
al. 2008; Huang et al. 2008).

The effect of saccharification on the subsequent
microbial transformation was estimated. When DZW
tubers were used as substrates, high biomass and low
enzyme activity were derived (Fig. 2), compounds 1-3
were detected in the microbial hydrolyzate, and a low
diosgenin yield resulted (56.4+1.79%, Fig. 5 S1-S4).
Incubation under the same conditions, using PDZW as
substrate, increased the diosgenin yield by 42.4% to reach
90.6+2.45%. Two reasons accounted for the increasing.
First, with amylase, saponins were released from the
network structure of starch (Table 1; Fig. 1), which made
them more accessible to enzymes (Zhang et al. 2009).
Second, starch in DZW is a more attractive carbon source
for microorganisms and protects saponins from being
hydrolyzed by the strain. This explanation was confirmed
by the decrease of diosgenin yield with the addition of
glucose to the fermentation medium of PDZW (Fig. 5 S5).
The result was also supported by similar findings in the
biotransformation of protopanaxadiol-type saponins, dur-
ing which saponins usually acts as the only carbon source
(Hasegawa et al. 1996, 1997; Bae et al. 2003).

During microbial transformation, sugar chains, which
connected to the C-3 hydroxyl group in saponins, were
cleaved stepwise from the terminal sugar until diosgenin
was released. The use of microorganisms for production
of modified saponins has been reported extensively
(Wang et al. 2007a; Chen et al. 2008; Cheng et al.
2008). These studies mostly use monosaponin as substrate
and yield multiple products. In our study, multiple
substrates were bioconverted to a single product. This
required a more complicated enzyme system. Enzymes
produced by T. reesei not only exhibited an excellent
performance on cleaving the terminal 3-D-glucose or «-L-
rhamnose in sugar chain but also hydrolyzed the (-
glycosidic linkage between aglycone and [(3-D-glucose
effectively. The stereo- and regioselectivities of the
enzymes in this system are worth further study.

In conclusion, with respect to resource utilization and
clean production, a promising approach for preparation
of diosgenin from DZW tubers was accomplished by a
successive process of enzymatic saccharification and
microbial transformation. Results showed that enzymatic
saccharification was an effective method for excluding
starch from raw herb and enhancing the subsequent
microbial transformation. Saponins in PDZW were
converted to diosgenin effectively by 7. reesei with a
diosgenin yield of 91.24+3.21% in the 5.0-1 bioreactor. The
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described process provides an attractive alternative for
clean diosgenin production in industry.
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