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Exopolysaccharide (EPS) production by Ganoderma lucidum in response to different culture conditions
was studied. Cellulose and glucose, in defined media, resulted in the more efficient enhancers of EPS pro-
duction among the carbon sources tested. In natural media cultures containing glucose and malt extract
exhibited a marked increase (up to 29-fold) respect to defined media. Subsequently, high malt extract
and glucose concentrations were tested. G. lucidum produced two fractions of EPS, water-soluble and
water-insoluble under these culture conditions. The maximum value (15 g L™') was reached at 21 days
in the medium containing 60 g L~ malt extract and 40 g L~! glucose. The incomplete utilization of reduc-
ing sugars by the fungus in these media suggested that not only did high malt extract and glucose con-
centrations play a role in EPS production but also the water activity might be involved. A factorial
uniform experimental design to test the effect of malt extract, polyethylene glycol (PEG, as water activity
depressor), and initial pH on specific EPS production was applied. G. lucidum showed to be a more effi-
cient specific EPS (mg EPS per g mycelium) producer at pH 3.5 in cultures containing the highest PEG

and malt extract concentrations.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Production of exopolysaccharides (EPS) is widely distributed
among fungi (Selbmann et al., 2003). Most of the EPS produced
by fungi are highly hygroscopic B-glucans, suggesting that its pro-
duction could be related with the tolerance to desiccation; simi-
larly to that observed and described in bacteria (Schnider-Keel
et al., 2001). In white rot fungi EPS could also be related with the
decay process of wood (Ruel and Joseleau, 1991) and as a protec-
tive layer (Vesentini et al., 2007). The EPS consist of wide variety
of glucans closely related in structure but possessing very different
water solubilities. Purified B-glucans from Ganoderma lucidum
demonstrated antitumor (Sone et al., 1985) and bactericidal activ-
ities, and immunomodulating properties (Tzianabos, 2000). Crude
preparations of B-(1-3)-glucans also exhibited a wide range of bio-
logic functions, numerous reports showed the ability of B-(1-3)-
glucans to nonspecifically activate cellular and humoral compo-
nents of the host immune system (Wakshull et al.,, 1999; Liang
et al., 1998). Water extracts from G. lucidum fruiting bodies of G.
lucidum are widely used in oriental medicine for treating various
diseases and this fungus has been the preferred organism for per-
forming physiological studies dealing with the regulation and pro-
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duction of EPS (Kim et al., 2006; Tang and Zhong, 2002; Hsieh et al.,
2006). These fungi have been used in folk medicine for hundreds of
years (Russell and Paterson, 2006), and strains are actually culti-
vated for preparation of health tablets. Medicinal benefits of Gano-
derma spp. were reviewed by Jong and Birmingham (1992).

G. lucidum is a group of laccate Ganoderma species with uncer-
tain position within the genera because of the inconclusiveness of
traditional taxonomic methods for establishing a stable classifica-
tion of the group, and these methods are useless for characteriza-
tion of individual strains (Hseu et al., 1996). Isolates used in
pharmaceutical and medicinal studies and commercially cultivated
isolates are generally named G. lucidum. However, as used in the
pharmaceutical literature, this name encompasses several laccate
Ganoderma species that might differ in their production of bioac-
tive compounds. Recently however, there has been a growing
interest in studying the EPS production of a wider array of fungi,
not only from the standpoint of comparative biology but also with
the expectation of finding better EPS-producing systems for use in
various biotechnological applications. Besides the health benefits,
EPS represent a valid alternative to plant and algal products con-
sidering that their properties are almost identical to those em-
ployed in food, pharmaceutical and cosmetic industries
(Sutherland, 1996). The aim of this work was to explore the regu-
lation by nutrients of growth and EPS production in submerged
culture by a new isolate belonging to G. lucidum complex.
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2. Methods
2.1. Organism and culture conditions

G. lucidum was isolated from Tipuana tipu wood, this laccate
Ganoderma isolate is within G. lucidum complex. The fungus was
maintained in MEA (malt extract 1.2%, glucose 1%, agar 2%) med-
ium at 4 °C. Inoculum consisted of a 25-mm? surface agar plug
from a 10-day-old culture grown on MEA. Cultures were per-
formed in 125 mL Erlenmeyer flasks containing 25 mL of liquid
medium. The defined media contained: MgS0,47H,0, 0.5¢g;
KH,POy4, 0.5 g; K;HPO,, 0.6 g; CuSO,4-5H,0, 0.4 mg; MnCl,-4H,0,
0.09 mg; H3BO3, 0.07 mg; NaMoO4-H,0, 0.02 mg; FeCls, 1 mg;
ZnCl,, 3.5 mg; thiamine hydrochloride, 0.1 mg; asparagine mono-
hydrate, variable; the carbon source included 10 g each of glucose,
lactose, sucrose or crystalline cellulose, and distilled water up to
1 L. The natural media contained variable concentrations of glucose
along with the natural component malt extract (ME) or peptone
(concentrations are indicated in Table 2). Uninoculated Erlenmeyer
flasks served as controls for possible preexisting polysaccharides
contained in the natural media.

2.2. Combined effect of PEG, malt extract and pH. Experimental design

A Doehlert uniform shell design was applied to study the ef-
fects of PEG, initial pH and malt extract on EPS production. To
study the effect of three factors Doehlert (1970) proposed an
experimental design based on 13 combinations of the three vari-

Table 1
The real and coded (in parenthesis) values adopted for the independent variables.
Run Malt extract (gL~ 1) pH PEG (gL 1)
1 16 (0) 7.5(1) 12.5 (0)
2 16 (0) 35(-1) 12.5 (0)
3 28 (0.866) 6.5 (0.5) 12.5 (0)
4 4 (-0.866) 4.5 (-0.5) 12.5 (0)
5 4 (-0.866) 6.5 (0.5) 12.5 (0)
6 28 (0.866) 4.5 (-0.5) 12.5 (0)
7 20 (0.289) 6.5 (0.5) 25 (0.816)
8 12 (-0.289) 4.5 (-0.5) 0(-0.816)
9 12 (-0.289) 6.5 (0.5) 0(-0.816)
10 24 (0.577) 5.5 (0) 0(-0.816)
11 20 (0.289) 4.5 (-0.5) 25 (0.816)
12 8 (-0.577) 5.5 (0) 25 (0.816)
13 16 (0) 5.5 (0) 12.5 (0)
14 16 (0) 5.5 (0) 12.5 (0)
15 16 (0) 5.5 (0) 12.5 (0)
Table 2

Effect of media composition on biomass and water-soluble EPS (volumetric)
production; specific EPS (sp EPS) was calculated per g of dry biomass. Data are the
means of triplicate independent cultures. Standard deviation around the mean was
less than 5%.

Biomass (gL') EPS(gL!) SspEPS(gg!)
Cellulose 2.03 (43)° 055(43) 027
Glucose 3.93 (23) 049 (16)  0.12
Lactose 3.18 (23) 009 (14) 003
Sucrose 1.91 (23) 0.11 (14) 0.06
220(27) 051

Malt extract 20gglc20g  4.70 (32)
Asparagine (2 g) 3.45 (19)
Asparagine (0.8 g)

Peptone 10gglc10 g
Peptone 20 gglc40 g

263(32) 056
1.07(27) 031
1.92 (23) 090 (43) 047
428 (37) 003 (37)  0.01
(

(
(
(
(
Malt extract 10gglc10g  4.32 (32)
(
(
(
(
8.20 (37) 0.07 (37) 0.01

2 The number in brackets indicates the day in which the highest value was
observed.

ables studied. The equally spaced values of each independent var-
iable and the combinations among them were adopted and coded
following the Doehlert design (Doehlert, 1970). The coded (in
brackets) and real values are shown in Table 1. Specific EPS was
defined as mg of water-soluble EPS per gram of dry mycelium.
The variable response specific EPS was measured at 14 and
27 days of growth. The values are the means of triplicate cultures.
Data processing was performed by direct curvilinear regression,
without any prior transformation. The observed values were fit-
ted to a full quadratic equation model with 10 coefficients (Eq.

(1)
F = bo + b1X + b2X2 + b3Y + b4Y2 + b5Z + b522 + b7XY
+ bsXZ + byYZ (1)

where F is the variable response and b; the regression coefficients
given by the model; X, Y and Z, are the independent coded variables.
Water deficit was applied by adding a non-metabolizable com-
pound, polyethylene glycol 200 (PEG) to the medium to obtain
the decrease in water potential (a,,) (Money, 1989).

2.3. Analytical determinations

Glycogen determination: To assess glycogen content of mycelia,
the method of Krisman (1962) was used. For this purpose, myce-
lia samples were dried at 80 °C overnight, weighed to determine
biomass and ground in a mortar. Ground mycelia consisting of
100 mg per sample were used to determine the glycogen content.
Each ground mycelia sample was boiled in 5 mL of 33% KOH for
20 min. After cooling, samples were centrifuged at 3000xg for
15 min and the supernatant was poured through cheesecloth into
fresh tubes. Ethanol (6 mLg~' original mycelia sample) was
added to the supernatant followed by vigorous agitation. Samples
were then subjected to centrifugation at 3000xg for 15 min. The
supernatant was discarded and pellets were re-suspended in
300 pl distilled water and stored at —20 °C. The reaction was car-
ried out by adding 100 pl HCI 5 N plus 2.5 mL iodine reagent (sat-
urated CaCl, solution containing 6 mM potassium iodide and
0.8 mM iodine). This mixture was allowed to incubate at room
temperature for 7 min and the absorbance was recorded at
460 nm.

EPS determination: Cultures were harvested over time and
mycelial mats separated from the culture fluids by two steps of fil-
tration. Initial filtration was done by using filter with a pore size of
250 pm to separate the water-soluble EPS from the mycelial mats.
The mycelial mats embedded in the gelatinous water-insoluble EPS
were subsequently incubated with 25 mL 1M NaOH 1 h at 50 °C.
After the incubation mycelial mats were separated from NaOH sol-
uble EPS by a second filtration at reduced pressure by using a pre-
weighed glass microfiber filter (Whatman GF/F, Maidstone,
England). Mycelial weight to estimate growth was determined
after the rinsed and dried (overnight at 80 °C) mycelial mats were
obtained from the second filtration. For the determination of both
water- and alkali-soluble EPS, 0.5 mL of crude EPS was precipitated
with addition of 96% (v/v) ethanol by four times of volume, and
then separated by centrifugation at 3000xg for 10 min. The insol-
uble components were re-suspended in 0.5 mL NaOH 1 M at 60 °C
for 1 h after EPS solubilization, samples of 5-50 pl were taken
(proper dilutions in distilled water were done when necessary)
the volume was completed to 0.5 mL with distilled water, then
0.5 mL of 5% (w/v) phenol was added and the mixture shaken thor-
oughly. Three milliliters of 98% sulphuric acid were also added and
shaken. The tubes were allowed to stand 30 min at room temper-
ature. A blank test was prepared by substituting the solubilized
EPS with distilled water. The EPS content of supernatants was cal-
culated subtracting the amount of alcohol-insoluble carbohydrate
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of uninoculated natural media. The absorbance was measured at a
wavelength of 490 nm (Dubois et al., 1945). EPS yields were ex-
pressed as gram of EPS per litre of culture medium (g L~!) and spe-
cific yields as milligram EPS per gram dry mycelium (mgg™!
mycelium).

2.4. Statistical analyses

All statistical analyses were performed by using the software
STATISTICA 5.1 (StatSoft, Tulsa, Okla). All experiments were done
in triplicate. Mean values and standard deviation of the means
were determined. Significant differences of means were tested by
using Tukey method. The adequate fitting of data to quadratic
model was tested with ANOVA.

3. Results
3.1. Screening of culture media for EPS production

In a preliminary step, the effects of selected carbon and nitro-
gen sources were studied. Cultures were harvested periodically
and the time course of fungal biomass and EPS production was
determined. The day of maximal growth, volumetric EPS produc-
tion and specific EPS calculated per g of dry mass of mycelium are
shown in Table 2. These factors exhibited different responses in
the diverse media assayed. The fungus produced EPS on all the
media tested, however, EPS formation was strongly affected by
the media used. When adding malt extract to the medium, EPS
yields (volumetric and specific) reached maximal values. Best re-
sults were obtained by the combined addition of malt extract
(10 g L") and glucose (10 g L~!) and under such conditions peaks
of fungal biomass and EPS were 4.32 gL' and 2.2 gL}, respec-
tively. However, despite the high biomass production in the pep-
tone broth, the EPS production was the lowest observed,
regardless of the amount of glucose added. When using cellulose,
which is more slowly consumed than glucose, similar volumetric
EPS yields were obtained, albeit after a longer cultivation time.
Nevertheless, a marked high yield of specific EPS was obtained
on this medium which was greater than those observed in all
other synthetic media. Both lactose and sucrose resulted in low
and similar EPS yields. Minimum EPS production was attained
from the peptone medium. In an attempt to gain further insight
into the growth and EPS production, subsequent experiments pro-
ceeded with malt extract and glucose broth, which were the med-
ia that exhibited increased EPS production.

3.2. Effect of malt concentration on fungal growth

Fungal growth (Fig. 1) was characterized for more than 50 days
by following changes in mycelial biomass, glycogen content and
reducing sugars. No growth was observed with ME 80 gL~!. The
highest biomass value (8 g L™!) was attained at day 38 in the med-
ium containing 60 g L~! malt extract, lower but similar biomass
production (3-4 g L~!) was achieved on the same day in the other
two media. In the cultures containing 60 g L~! malt extract a light
longer lag period was observed. Changes in reducing sugars and
glycogen content of mycelia over time contributed to fungal
growth responses on the three substrates. Reducing sugars exhib-
ited a lag period until day 15 followed by a steady decrease to at-
tain a range value of 60-47 g L~! and this pattern was observed for
all three media. Glycogen content displayed a pronounced peak at
day 12 (100-150 ug mg~! mycelium) in the three media. The
prominent and statistically significant difference in response to
growth among media was observed in the medium containing
the highest malt extract concentration.

10
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Fig. 1. Effect of malt extract concentration on fungal growth. Time courses of
biomass (a), reducing sugars (b) and glycogen (c) in G. lucidum growing on different
malt extract concentrations and 40 g L™! glucose. Values are the mean of triplicate
independent experiments. M, Malt extract 20 g L~'; @, malt extract 40 g L™'; and a,
malt extract 60 g L', Standard deviation around the mean is represented by the
bars.

3.3. Effect of malt concentration on EPS production

EPS production by G. lucidum by using different malt concentra-
tions ranging from 20 to 60 gL~! is shown (Fig. 2). The highest
yield of water-soluble EPS was 10.5 gL' in the cultivations con-
taining ME 60 g L™, while the increase of ME from 20 to 40 g L!
exhibited minimal effect. This trend was similar for alkali-soluble
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Fig. 2. Effect of malt extract concentration on water- and alkali-soluble EPS
production; (a) 20gL ! (b) 40 gL '; and (c) 60 g L~ '. All media contained glucose
40 gL', Values are the mean of triplicate independent experiments. O, Alkali-
soluble and @, water-soluble. Standard deviation around the mean is represented
by the bars.

EPS, which showed the highest yield (6.5 gL™') on the last sam-
pling day in the cultivations with the highest malt concentration.
The stimulatory effect of EPS production in response to ME concen-
tration was markedly higher for water-soluble EPS. In the cultiva-
tions with ME 20gL~" the water-soluble EPS was similar to the
alkali-soluble level, while in the cultivations with ME 60gL™!
water-soluble EPS yield was up to 2.4 times higher than alkali-sol-
uble EPS. The maximum level of EPS was 15 g L~! at 21 days.

. Papinutti/Bioresource Technology 101 (2010) 1941-1946

3.4. Combined effect of PEG, malt extract and pH

Incomplete utilization of reducing sugars occurred regardless of
the ME concentrations used, suggesting that the decrease of water
activity (ay) of culture medium due to the high ME and glucose
concentration played a role in EPS production. As increasing malt
extract concentrations affected the water-soluble EPS more than
the alkali-soluble EPS, the effect of decreasing water activity was
tested by measuring this variable response. For this purpose a fac-
torial experimental design testing pH, PEG and ME concentration
on EPS production was conducted. Values of a,, were not incorpo-
rated in the model because such a factor is a result of the combina-
tion of the three factors; therefore, it should mask interactions
between them. Water activity measures the availability of water
for fungal growth. PEG is a non-metabolizable compound com-
monly used as osmotic solute (water activity depressor) and it
was utilized in this study to test pure osmotic effect on EPS produc-
tion. Since the three variables tested could affect fungal growth,
EPS production was expressed as mg EPS per g mycelium. Cultures
were harvested on days 14 and 27, to guarantee high levels of
water-soluble EPS. Although a peak of EPS was observed at day
21 in the cultivations with ME 60 g L™, different media composi-
tion could delay or move forward such a peak. For this reason, cul-
tures were harvested on two days flanking the peak of EPS
production. Only data obtained in the 27-day-old cultures were
analyzed and shown because they were higher in specific EPS pro-
duction compared to values at day 14. The uniform design of the
experiment includes different values and combinations of the fac-
tors to be tested. To account for the effect of each nutrient, the spe-
cific EPS data were fitted to a full quadratic equation. Coefficients
for the regression equation are shown in Table 3. The value of R?
together with the significant effects provide strong evidence that
the model accurately reflects the process. The large value for PEG
concentration in the linear term illustrates the significant positive
effect of this compound. This positive linear coefficient indicates
that specific EPS increased with increasing of PEG, whereas a neg-
ative effect by pH was suggested by its negative linear term. High
negative or antagonistic effects between pH with the other two
factors were observed. However the positive coefficient (25.5) re-
vealed a synergistic interaction between PEG and ME. Contour plot
is the usual graphic representation of data when the effect of two
independent variables on the dependent variable is studied (Fig. 3).
Production of EPS reached highest values at pH 3.5 while at the
other four pH values, production was lower and the plots are not
shown. The zone with the highest EPS production is shadowed
on the Fig. 3. It was evident that high PEG and ME concentrations
were necessary to achieve high EPS production. Validation of the

Table 3

Model coefficients estimated by multiple linear regression.
Coefficient
Constant 78.35
Linear
ME 5.51
pH -11.61
PEG 18.65
Interaction
ME x pH —27.00
ME x PEG 25.50
pH x PEG -50.34
Quadratic
ME? -27.31
pH? —8.36
PEG? 24.19
R? 80.74
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ME (g L)

Fig. 3. Contour diagram for specific water-soluble EPS (mg EPS per g mycelium)
production by G. lucidum as a function of malt extract and PEG concentrations; pH
was fixed at 3.5. The plot is based on the equation shown in Table 3 of specific EPS
production. Shadowed zones determine the conditions that optimized the produc-
tion of specific EPS. Constant values are indicated on each curve.

method was also carried out, and the results showed good accor-
dance between the predicted values and the experimental values.
The experiment was carried out under the following conditions
pH 3.5,18.5 g L~! ME and 23 g L~! PEG and the observed value un-
der such conditions was 139.01 + 8.38 mg g~ ! while the estimated
value was 149.63 mg g~ .

4. Discussion

The stimulatory effect of glucose in soluble EPS production was
also observed in various wood decaying fungi such as Agrocybe
cylindracea (Kim et al., 2005) Coriolus versicolor (Vesentini et al.,
2005) G. applanatum (Lee et al., 2007), Lyophyllum decastes (Pohkrel
and Ohga, 2007) and Grifola frondosa (Shih et al., 2008). Regarding
the other tested carbon sources, great variation of responses were
found in many previous reports.

Most studies dealing with the production of EPS have focused
on the water-soluble EPS. The activity of water-insoluble EPS were
not studied and they are a possible alternative for reclamation
studies involving bioactive metabolites. Several Pleurotus species
produced a minor water-soluble fraction and a major fraction char-
acterized by its low solubility in water and high molecular weight
that amounted to more than 80% of the total extracellular polysac-
charide (Gutiérrez et al., 1996). Another fungus, G. frondosa also
produced EPS that consisted of two fractions of different molecular
sizes which varied depending on the influence of different plant
oils used as substrate (Shih et al., 2008). G. lucidum showed not
so marked differences but it yielded more similar production val-
ues of water- and alkali-soluble EPS. Total production of EPS at-
tained a value of 15gL~! and this was lower than the highest
value reported for Aureobasidium pullulans (Lin et al., 2007) but
remarkably high when compared to reports for other high pro-
ducer fungi (Maziero et al., 1995; Lim and Yun, 2006). In fact this
value appears to be thus far the highest for G. lucidum reported
to date from a low cost natural medium and without controlling
any factor during the cultivation period.

The fact that the both growth and EPS production (water- and
alkali-soluble) increased with increasing malt extract concentra-
tion along with the incomplete utilization of reducing sugars sug-
gested that a,, (due to high malt extract and glucose concentration)
and fungal biomass could be two additional variables influencing

the EPS yields. G. frondosa EPS production was limited by the
depletion of the carbon source (Shih et al., 2008) thus a high initial
concentration of carbon source in the culture media could increase
EPS production. However such high nutrient concentrations typi-
cally inhibit fungal growth (Chen et al., 2008). Growth of G. lucidum
was totally inhibited with 80 g L~! ME, while culture medium with
60 g L~' ME showed not only increased biomass production but a
similar lag phase compared to cultures with lower ME concentra-
tions. Regarding the intracellular glycogen content, G. lucidum fol-
lowed a similar pattern to that obtained for A. pullulans (Simon
et al., 1998) that demonstrated an inverse correlation between gly-
cogen content and exopolysaccharide (pullulan) production sug-
gesting a link between both processes. However the exact
connection has not been elucidated and further research is
warranted.

Water-soluble EPS was the representative measured response
used for the factorial model due to the simple method for its quan-
tification along with its parallel incremental response for the alka-
li-soluble EPS. Because pH of the culture medium is a key factor
that could greatly affect the fungal biomass production and in turn
the EPS production, it was examined. Previous reports demon-
strated the connection between the production of EPS and bio-
mass; Antrodia cinnamomea and Grifola frondosa exhibited EPS
increase that paralleled growth response (Lin and Sung, 2006;
Bae et al.,, 2005). However, Coriolus versicolor and Gloeophyllum
trabeum showed an inverse relationship between biomass and
EPS production; thus, low biomass production was associated with
high EPS production and vice versa. For this reason, specific EPS
(mg g~! mycelium) provide more information on how different
culture conditions could influence the EPS enhancement
production.

Since the reduction of a,, due to the high ME concentration of
malt extract and glucose could be responsible for the observed
EPS increase, effect of a,, reduction by a non-metabolizable com-
pound was tested. Previous reports showed that EPS in bacteria
are involved in the tolerance to water stress and such concept
was extended to filamentous fungi. Thus, the production of EPS
as a response to water stress (achieved after PEG addition) was
studied. Although, a,, could affect EPS production, addition of
PEG involved interaction with pH and ME that accounted for
the obtained lack of fit of the model when a,, was evaluated as
another independent factor instead of PEG concentration (data
not shown). If protection against desiccation can be attributable
to EPS then low values of a,, may trigger its production. Interest-
ingly, it was observed that biomass production was not signifi-
cantly (p <0.05) affected (data not shown) at high PEG and ME
concentrations but the highest specific EPS production was ob-
tained under such conditions. The enhancement of EPS in Phelli-
nus linteus as a response to the NaCl addition to the culture
medium, which was shown in a previous report, could possible
be other example of EPS induction occurring concomitantly with
a dramatic decrease of growth by water stress (Zou et al., 2006).
Regarding the effect of pH on EPS previous reports showed that G.
lucidum was dramatically affected by pH of the medium. EPS pro-
duction was improved in cultivations at pH 6 compared to those
at pH 3 (Lee et al., 1999). However growth was negatively af-
fected at pH 6, resulting in cell death after 8 days (Lee et al,,
1999). Likely, different culture conditions e.g. bistage pH control,
shaken cultures in air-lift fermentor, and a different strain could
explain the differences encountered with the results observed in
this study.

Although, a protective role against desiccation was associated
with EPS produced by fungi; the effect of water activity on fungal
EPS production was not previously investigated. Nevertheless, fur-
ther studies are necessary to resolve regulation and function of EPS
under low water availability.
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