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Solid-State Bioconversion of Phenolics from Cranberry Pomace and
Role of Lentinus edodes f-Glucosidase

Cranberry pomace contains large amounts of phenolic glycosides, which are important sources of
free phenolics that have many food uses such as antioxidants, flavorings, and nutraceuticals. Our
hypothesis was that these glycosides in cranberry pomace could be hydrolyzed by j-glucosidase
produced by Lentinus edodes during solid-state fermentation. On the basis of this hypothesis, our
objective was to investigate the potential of using cranberry pomace as a substrate for the production
of free phenolics and S-glucosidase through solid-state fermentation by a food-grade fungus L. edodes.
Our results suggested that L. edodes -glucosidase played a major role in release of phenolic aglycons
from cranberry pomace during solid-state fermentation. After 50 days of cultivation, the yield of
total free phenolics reached the maximum of 0.5 mg per g of pomace, while the g-glucosidase activity
was about 9 units per g of pomace. The enzyme exhibited optimal activity at 60 °C and at pH 3.5
and was stable at temperatures up to 50 °C and between pH 3 and 6.5. The major free phenolics
produced from cranberry pomace were identified by HPLC as gallic acid, chlorogenic acid,
p-hydroxybenzoic acid, and p-coumaric acid. These results suggest that cranberry pomace is a
potential substrate for producing food-grade phenolics and fungal g-glucosidase. The L. edodes
B-glucosidase showed good stability and tolerance to low pH and, therefore has potential applications
in wine and juice processing for aroma and flavor enrichment through enzymatic hydrolysis of

glucoside precursors.
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INTRODUCTION

Cranberry pomace is a primary byproduct of the
cranberry processing industry. It consists of the pro-
cessed skins, seeds, and stems generated from cranber-
ries during pressing for juice or preparation for canning,
drying, and freezing. It contains a large amount of
insoluble carbohydrates, smaller amounts of protein and
minerals, and some remaining juice with sugars and
other soluble substances. It is a poor animal feed
because its protein content is extremely low. Its disposal
into the soil or in a landfill poses considerable economic
loss and potential environmental problems. Thus, the
exploration of new uses for cranberry waste is being
explored (Zheng and Shetty, 1998).

Phenolic acids, or free phenolics, are important natu-
ral compounds that can be used as natural food ingre-
dients such as antioxidants (Hammerschmidt and Pratt,
1978; Al-Saikhan et al., 1995; Bocco et al., 1998),
flavorings (Giese, 1994), and nutraceuticals (Shetty,
1997). Naturally occurring phenolics and their oxidation
products are also important constituents of natural
beverages, contributing to color and taste (Cliffe et al.,
1994). Phenolic compounds also contribute to the color
and flavor of fresh fruit and processed food products
(Mazza and Velioglu, 1992). They show a broad spec-
trum of pharmacological activities in vitro (Glowniak
et al., 1996; Meyer et al., 1998) and possibly have
potential beneficiary effects on human health (Decker,
1997; Wilson et al., 1998; Meyer et al., 1998).
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Both fruit skins and seeds are an interesting source
of phenolic compounds (Meyer et al., 1998; Bocco et al.,
1998; Sotillo et al., 1994; Lu and Foo, 1997; Peleg et
al., 1991). Cranberry pomace, consisting mainly of
cranberry skins and seeds, contains many phenolic
compounds, but these phenolics occur mainly in bound
forms in which phenolic acids are conjugated with
glucose or other sugars. Enzymatic hydrolysis of these
phenolic glycosides appears to be an attractive means
of increasing the concentration of free phenolic acids in
fruit juice and wines to enrich taste, flavor, and aroma,
also potentially increasing nutraceutical value (Schwab
and Schreier, 1988; Shoseyov et al., 1990; Mateo and
Stefano, 1997; Gueguen et al., 1997).

The enzyme pS-p-glucosidase (S-b-glucoside gluco-
hydrolase, EC 3.2.1.21), which will be referred to as
pB-glucosidase in this paper, can catalyze the hydrolysis
of glycosidic linkages in aryl and alkyl 5-p-glucosides
as well as glycosides containing only carbohydrate
residues (Woodward, 1982; Yan et al., 1998). 5-Glucosi-
dase can hydrolyze phenolic glycosides to release free
phenolic acids and, therefore, has potential applications
in certain food and beverage industries. The enzyme
occurs widely in plants, fungi, animals, and bacteria
(Yan et al., 1998). Many fungi have been found capable
of producing f-glucosidase during solid-state fermenta-
tion on lignocellulosic wastes (Gupte and Madamwar,
1997; Martino et al., 1994; Woodward, 1982; Gueguen
et al., 1994; Saha et al., 1994; Hang and Woodams,
1994). Much effort has yet to be made, however, in an
attempt to find a food-grade g-glucosidase capable of
hydrolyzing efficiently bound phenolics at relatively low
pH with broad substrate specificity and thermal stabil-
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ity for potential applications in wine or juice processing
(Woodward, 1982; Gueguen et al., 1994).

Lentinus edodes, also known as Shiitake, Black For-
est, or Chinese mushroom, was successfully grown on
apple pomace and other ligcocellulosic wastes (Worrall
and Yang, 1992; Pettipher, 1988; Crestini et al., 1996).
In addition, we found that a high level of s-glucosidase
activity was produced from L. edodes during solid-state
fermentation on cranberry pomace. The objective of this
study was to examine the potential of bioconversion of
free phenolic acids from cranberry pomace, by taking
advantage of high fg-glucosidase activity of the food-
grade fungus L. edodes to hydrolyze phenolic glycosides
in cranberry pomace and produce extractable free
phenolic acids, a valuable product for both food and
pharmaceutical applications.

MATERIALS AND METHODS

Microorganism. L. edodes CY-35 obtained from Dr. J. J.
Worrall (State University of New York, Syracuse) was main-
tained on potato dextrose agar (PDA) slants and Petri plates
at 4 °C and subcultured every 3 months. The fungus was
activated by transferring onto PDA plate and cultured at room
temperature for 20 days before use. The fruit bodies of L.
edodes CY-35, which are available in the food market as
Shiitake mushroom, have long been commercially cultivated
and consumed as food (Worrall and Yang, 1982). Therefore,
the strain is considered as a food-grade fungus.

Media and Cultivation. The 125-mL Erlenmeyer flask
containing 10 g of cranberry pomace and 20 mL of water was
used for solid-state fermentation. The freshly pressed cran-
berry pomace was obtained from Veryfine, Inc., Westford, MA,
and was vacuum-dried, ground to less than 1 mm in particle
size, and stored in a refrigerator before use. The water content
of cranberry pomace used in the experiment was 5.8% (w/w,
wet basis). The media contained in flasks with cotton plugs
were autoclaved at 121 °C for 15 min. The L. edodes mycelium
from one PDA plate was inoculated into 10 flasks. The flasks
were incubated at 25 °C for 60 days. The cultivation of the
fungus was also extrapolated for 100 g of cranberry pomace
with proportional addition of water calculated from the 10 g
level.

Crude Enzyme Extraction. A 100 mL portion of distilled
water was added into fungus—pomace-containing flasks, and
the culture was homogenized for 1 min using a Waring blender
and then centrifuged at 15000g at 4 °C for 20 min. The
supernatant was then filtered through a Whatman No. 1 filter
paper. A 5 mL portion of the filtrate was dialyzed using
Spectro/Pro membrane tubing (Spectrum Medical Industries,
Inc., Houston, TX) against distilled water at 2 °C for 24 h. The
resultant clear liquid was used as the crude enzyme solution
after adjusting the same volume for each respective culture.

p-Glucosidase Activity Assay. The enzyme activity was
assayed by a modified procedure based on the methods of
Gunata et al. (1990) and Hang and Woodams (1994). A
standard reaction mixture contained 0.1 mL of 9 mM p-
nitrophenol S-b-glucopyranoside (PNPG), 0.8 mL of 200 mM
sodium acetate buffer (pH 4.6), and 0.1 mL of enzyme solution.
After 5 min of incubation at 40 °C, the reaction was stopped
by addition of 1 mL of 0.1 M Na,COs, and the released
p-nitrophenol was measured at 400 nm. The standard curve
was established using pure p-nitrophenol (Fisher Scientific Co.,
Fair Lawn, NJ). One unit (U) of g-glucosidase activity is
defined as the amount of enzyme that releases 1 umol of
p-nitrophenol per min at pH 4.6 at 40 °C under assay
conditions.

Total Phenolic Acids Assay. The crude water extract of
the fermented cranberry pomace before dialysis was used for
total phenolics assay. The total phenolics content was deter-
mined by an assay modified from Shetty et al. (1995). One
milliliter of the supernatant was transferred to a test tube and
mixed with 1 mL of 95% ethanol and 5 mL of distilled water.
To each sample was added 0.5 mL of 50% Folin—Ciocalteu
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reagent. After 5 min, 1 mL of 5% Na,CO3; was added, and the
reaction mixture was allowed to stand for 60 min. The
absorbance was read at 725 nm using a Genesys spectropho-
tometer (Milton Roy, Inc., Rochester, NY). Standard curves
were established for each experiment using various concentra-
tions of gallic acid in 95% ethanol. Absorbance values were
converted to total phenolics, which were expressed as micro-
grams of gallic acid equivalent per milliliter of the extract.
Each value reported in this study was an average of three
replicate assays of three separate samples.

Temperature and pH Dependencies of -Glucosidase
Activity. The effect of temperature on S-glucosidase activity
was determined by assaying the enzyme activity at pH 4.6 at
temperatures from 10 to 90 °C. The thermostability of the
enzyme was determined by measuring the remaining S-glu-
cosidase activity under standard enzyme assay conditions after
incubating the enzyme solution for 20 min at various temper-
atures from 10 to 80 °C. The effect of pH on S-glucosidase
activity was determined by assaying the enzyme activity at
40 °C at various pHs from 2 to 7. The pH stability of the
enzyme was determined by measuring the residual activity
under standard conditions after incubating the enzyme for 24
h at 2 °C at various pHs ranging from 1.5 to 9. The following
buffer systems of varying pH but fixed ionic strength (buffer
capacity) were used: 0.1 M glycine buffer (glycine—HCI) for
pH 1.5—-3.5; 0.2 M acetate buffer (NaAc—HAc) for pH 4.0—
5.5; 0.05 M Borax buffer (KH,PO,—Na,B,07) for pH 6.0—9.0.

Enzymatic Release of Phenolics from Cranberry Pom-
ace. A mixture of 10 g of cranberry pomace and 100 mL of
buffer (0.2 M sodium acetate buffer, pH 4.0) was homogenized
for 1 min using a Waring blender and then transferred into a
150-mL flask. After the addition of 10 units of crude L. edodes
B-glucosidase, the flask was incubated at 60 °C with occasional
agitation for 5 h. At each 1-h interval, 2 mL of the mixture
was taken out from the flask and centrifuged at 15009 for 15
min. The supernatant was used for total phenolics assay. The
commercial -glucosidase (from almonds, Sigma Chemical Co.,
St. Louis, MO) of the same amount of activity was used to
compare with the crude L. edodes fS-glucosidase for their
capacity to release free phenolic acids from cranberry pomace.
Distilled water was used as control.

HPLC Analysis of Free Phenolic Acids. The sample
preparation procedure was modified from a method described
by Onyeneho and Hettiarachchy (1992; 1993) and Cartoni et
al. (1991). The procedure for water extraction of free phenolic
acids from L. edodes fermented cranberry pomace was the
same as the crude enzyme extraction as described above except
there was no dialysis of the water extract. Five milliliters of
the water extract filtrate was passed through a Sep-Pak C18
cartridge (Waters Associates, Milford, MA) that had previously
been washed with methanol and subsequently with water.
Then the cartridge was rinsed with 2.0 mL of distilled water,
and the adsorbed free phenolics were desorbed from the
column with 1.0 mL of HPLC-grade methanol and filtered
through a Corning disposable sterile syringe filter with a
cellulose acetate membrane (0.20 um pore size). The filtrate
was ready for HPLC analysis. Nine standard phenolic acids
(purchased from Sigma Chemical Co., St. Louis, MO) were
prepared in methanol at concentrations of 10—100 ug/mL.

High-performance liquid chromatography (HPLC) was per-
formed with a Hewlett-Packard 1090 liquid chromatograph
equipped with a 1040 diode array detector with a 10 uL,
sample loop. The analytical column was a reversed-phase
Whatman Ultrasphere ODS C18, 250 mm x 4.6 mm i.d., with
a packing material of 5 um particle size. The detector was set
at 260 nm with an optical bandwidth of 4 nm. Absorption at
550 and 4 nm bandwidth was employed as the reference
wavelength. The mobile phase consisted of two solvents:
ammonium acetate buffer (0.01 M, pH 5.4) and methanol. The
elution profile was a linear gradient from 100% buffer/0%
methanol to 80% buffer/20% methanol at a flow rate of 1.0
mL/min over 40 min at ambient temperature. During each run,
a chromatogram was recorded at 260 nm and a UV spectrum
of each peak was recorded at its front, apex, and back. Phenolic
standards were chromatographed singly and in a mixture. The
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Figure 1. Production of free phenolics and -glucosidase from
cranberry processing wastes by L. edodes.

extract sample was chromatographed under the same condi-
tions. The peak purity was checked by its recorded UV
spectrum. Retention times and areas of the peaks were
monitored and computed automatically by a Hewlett-Packard
9133 integrator. Identification of the peaks was made by
comparing their spectra and retention times with standards,
and was further ascertained by the standard addition method
in which the corresponding peak was increased by adding a
known standard phenolic acid in the extract. Free phenolic
acids in the extract were quantified from their peak areas from
the calculated response factors which were obtained by divid-
ing the known concentration of a phenolic acid standard by
its corresponding peak area.

RESULTS AND DISCUSSION

Production of Free Phenolics and f-Glucosi-
dase. -Glucosidase played an important role in the
bioconversion of free phenolic acids from cranberry
pomace by L. edodes. Figure 1 shows the yield of total
free phenolic acids produced from L. edodes during solid-
state fermentation on the substrate of cranberry pomace
and the associated f-glucosidase activity. Since most
natural phenolics in cranberry pomace were in bound
form (insoluble) and only relatively small amounts were
in free phenolic acid form, the initial total phenolics was
at a low level (Figure 1). After 30 days, the free
phenolics increased dramatically, as a result of the
increased S-glucosidase activity (Figure 1). The enzyme
activity reached a highest level on day 45 while the yield
of free phenolic acids also reached nearly highest level
(Figure 1). There was a clear positive correlation
between the yield of free phenolics and the production
of B-glucosidase activity.

The highest yield of free phenolic acids was over 50
ug/mL, and the highest g-glucosidase activity was about
1.0 units/mL. If calculated based on cranberry pomace,
the highest yield of total free phenolic acids would be
about 0.5 mg per gram of cranberry pomace, and this
is comparable to the result of Sotillo et al. (1994) that a
total of 0.48 mg of phenolic acids were extracted from 1
g of potato peel. The highest yield of S-glucosidase
activity would be 10 units per gram of cranberry
pomace, and this is comparable to the result of Gupte
and Madamwar (1997) that a maximum of 7.65 units/g
of f-glucosidase activity from A. fumigatus, while 11.75
units/g from A. ellipticus, was produced through solid-
state fermentation on sugarcane bagasse substrate. The
enzyme activity obtained from L. edodes on cranberry
pomace was much higher than that from A. foetidus on
apple pomace that only an average yield of 0.9 units/g
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Figure 2. Effect of temperature on the activity and stability
of S-glucosidase from cranberry pomace by L. edodes.
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Figure 3. Effect of pH on the activity and stability of
pB-glucosidase from cranberry pomace by L. edodes.

of p-glucosidase was obtained (Hang and Woodams,
1994). There is possibility that the higher yields may
be due to synergistic activity of both g-glucosidase and
other enzymes such as esterase in the crude prepara-
tion.

Temperature Dependency of f-Glucosidase. The
effect of temperature on the activity and stability of the
crude L. edodes g-glucosidase is shown in Figure 2. The
enzyme displayed maximal activity at 60 °C, while it
retained only about 60% of the maximal activity at 40
°C which was the standard assay temperature. The
enzyme was quite stable at temperatures up to 55 °C
for 20 min. It was completely inactivated upon incuba-
tion at 80 °C for 20 min (Figure 2). The temperature
optimum of this enzyme is similar to those of most
previously reported fungal and bacterial -glucosidases
(Gueguen et al., 1994; Wei et al., 1996; Sharmila et al.,
1998; Saha and Bothast, 1996; Yan et al., 1998), but
lower than those of some thermostable $-glucosidases
(Saha et al., 1994; Hang and Woodams, 1994). However,
its heat tolerance is higher than most reported S-glu-
cosidases and similar to thermostable S-glucosidases
(Wei et al., 1996; Saha and Bothast, 1996; Saha et al.,
1994).

pH Dependency of f-Glucosidase. Figure 3 shows
the effect of pH on the activity and stability of the L.
edodes S-glucosidase. The enzyme exhibited a maximum
activity at pH 3.5, with 80% relative activity at pH 4.5,
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Figure 4. Production of phenolics from cranberry pomace by
L. edodes crude enzyme and pure -glucosidase at a concentra-
tion of 0.1 units/mL.

which was the standard assay condition. It was com-
pletely inactive at pH's below 2 and above 7. The
enzyme was fairly stable at 2 °C for 24 h over a pH
range of 3.0—6.5, with no activity remaining at pH 1.5
and below, but still had 60% activity remaining at pH
8.5. Interestingly, the L. edodes j-glucosidase showed
a relatively lower pH optimum than most other fungal
and bacterial S-glucosidases (Saha et al., 1994; Gueguen
et al., 1994; Martino et al., 1994; Hang and Woodams,
1994; Wei et al., 1996; Saha and Bothast, 1996; Sharm-
ila et al., 1998; Yan et al., 1998). The enzyme was also
more stable than other microbial g-glucosidases at low
pH, e.g., pH 3.0 (Saha et al., 1994; Saha and Bothast,
1996; Wei et al., 1996). The acid resistance property of
the L. edodes -glucosidase is very desirable, and the
enzyme has great potential in the wine and fruit-juice
industries, since most fruit juices and wines have low
pH 2.5—4.0 (Gueguen et al., 1994; Woodard, 1982).
Enzymatic Production of Phenolic Acids from
Cranberry Pomace. The crude L. edodes -glucosidase
was used for phenolic acids production from cranberry
pomace and was compared with a commercial g-glu-
cosidase purchased from Sigma Chemical Co., St. Louis,
MO. The final concentration of the enzyme activity in
the mixture was 0.1 units/mL for both L. edodes -glu-
cosidase and Sigma S-glucosidase. The enzymatic reac-
tion was carried out at pH 4.0 at 60 °C, which were close
to the optimal conditions for the L. edodes g-glucsidase
activity (Figures 2 and 3). As shown in Figure 4, the
yield of total phenolic acids increased significantly over
incubation time as a result of L. edodes S-glucosidase
actitity, whereas the yield increased to a lesser extent
as a result of the commercial S-glucosidase activity
under the same conditions. The control (water) did not
show much difference over incubation time (Figure 4).
With 0.1 units/mL of enzyme activity, after 5 h of
incubation, the L. edodes S-glucosidase released nearly
50 ug/mL of free phenolic acids, which equals 0.5 mg of
phenolic acids per gram of cranberry pomace; the
commercial g-glucosidase produced about 40 ug/mL of
free phenolic acids, which equals to 0.4 mg of phenolic
acids per gram of cranberry pomace. The phenolic acids
yield of the L. edodes -glucosidase was higher than that
of commercial enzyme with the same activity. This
difference could be due to the fact that the crude enzyme
solution produced from L. edodes was impure and
probably contained other enzymes such as esterase, o-L-
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Figure 5. HPLC profiles of standard phenolic acids.

300

200+

maU

100

1

3
7
5
10 20 30

Time {min)

Figure 6. HPLC profiles of phenolic acids present in the
water extract of L. edodes fermented cranberry pomace.

Table 1. Retention Times of Standard Phenolic Acids

peak phenolic acid retention time (min)
1 gallic acid 3.90
2 gentisic acid 6.04
3 p-hydroxybenzoic acid 8.10
4 vanillic acid 9.85
5 chlorogenic acid 10.90
6 syringic acid 12.48
7 p-coumaric acid 17.60
8 ferulic acid 21.80
9 t-cinnamic acid 31.86

arabinofuranosidase, a-L-rhamnosidase, or -p-apiosi-
dase, which helped cleave the intersugar linkages and
release the corresponding -p-glucosides, and then the
liberation of phenolic aglycon moieties could take place
by the action of g-p-glucosidase (Mateo and Stefano,
1997). In addition, the reaction conditions also favored
the L. edodes -glucosidase activity.

Identification of Phenolic Acids. The free phenolic
acids produced by L. edodes from cranberry pomace
were identified by high-performance liquid chromatog-
raphy (HPLC). Figures 5 and 6 illustrate the HPLC
profiles of the standard mixture of phenolic acids and
the phenolic acids present in the water extract of L.
edodes fermented cranberry pomace. The retention
times of individual phenolic acids are listed in Table 1.
All the peaks in the extract were eluted before 30 min
at a flow rate of 1 mL/min. Spiking the retention times
under the same analytical conditions with the corre-
sponding authentic phenolic acid standards was also
performed to further ascertain the identity of each of
the suspected phenolic acids. Gallic acid, chlorogenic
acid, p-hydroxybenzoic acid, and p-coumaric acid ap-
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Table 2. Major Phenolic Acid Content of L.
edodes-Fermented Cranberry Pomace Extract

phenolic acid content? (ug/mL)

gallic acid 11.3
p-hydroxybenzoic acid 14.2
chlorogenic acid 5.0
p-coumaric acid 6.7

a The content of phenolic acids was calculated on the basis of
the original water extract.

peared to be the major phenolic acids in the water
extract of fermented cranberry pomace (Table 2).
Quantification of Phenolic Acids. The retention
times of all nine phenolic acid standards are given in
Table 1. The response factors of individual phenolic
acids were calculated by dividing their known concen-
trations by their corresponding peak areas obtained
from the automatic HPLC integrator. The concentra-
tions of the four major phenolic acids from the fermented
pomace extract were calculated on the basis of their
peak areas and their corresponding standard response
factors and were translated into the content in original
water extract (Table 2). The total amount of the four
major phenolic acids in the extract was ~37 ug/mL
(Table 2) and accounts for about 74% of the total
phenolic acids, which were determined as ~50 ug/mL
in the extract by the total phenolic acid assay method
(Figures 1 and 4), indicating that small amounts of other
free phenolic acids were also present in the extract.

CONCLUSIONS AND IMPLICATIONS

The present work shows that it is feasible to use
cranberry-processing waste as a raw material for the
production of phenolic acids by a food-grade fungus L.
edodes CY-35. This fungus is able to produce high levels
of extracellular -glucosidase activity during solid-state
fermentation on cranberry pomace, which is the major
enzyme responsible for hydrolyzing phenolic glucosides
present in cranberry pomace and releasing free phenolic
acids.

The enzyme fS-glucosidase produced from L. edodes
has a relatively higher temperature optimum (60 °C)
and a lower pH optimum (pH 3.5), with a good thermal
stability (up to 50 °C) and a high tolerance to low pH
(3.0—6.5). Considering the natural acidic pH of cran-
berry pomace, and the possible use of the enzyme in
juice processing and wine making, the unique properties
of L. edodes S-glucosidase would make the enzyme an
potential candidate for both phenolic production from
cranberry pomace and for flavor enrichment applica-
tions in fruit and wine industries. Therefore, cranberry
pomace is also a potential substrate for the production
of L. edodes f-glucosidase, which has many applications
in food and pharmaceutical industries.
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