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Abstract Two-stage culture was efficient in enhancing
total ganoderic acid (GA) production by Ganoderma
lucidum (Fang and Zhong, Biotechnol Prog 18:51-54,
2002). As different GAs have different bioactivities, it is
critical to understand the kinetics of individual GA
production during fermentation, but no related information
is yet available. To understand the regulation of GA
biosynthesis, investigation of the accumulation of interme-
diate (lanosterol) and by-product (ergosterol) and of the
expression of three important biosynthetic genes was also
conducted in liquid shaking and static cultures of
G. lucidum. The results showed that the content of
individual GAs increased rapidly in the liquid static culture,
and their maximum value was 6- to 25-fold that of shaking
culture while lanosterol content in the former was lower
than the latter. The transcript of squalene synthase (SQS),
lanosterol synthase and 3-hydroxy-3-methylglutaryl coen-
zyme A reductase in liquid static culture was 4.3-, 2.1-, and
1.9-fold that of the shaking culture, respectively. Higher
GA content in liquid static culture was related to increased
transcription of those genes especially SOS. The work is
helpful to the production of individual GAs and provided
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Introduction

Ganoderma lucidum, Ling-zhi in Chinese and Reishi in
Japanese, has been used as traditional medication for the
prevention and treatment of various human diseases for
several thousand years in East Asia. Ganoderic acids
(GAs), a kind of secondary metabolite produced by this
medicinal mushroom, have a number of important pharma-
cological activities including cytotoxicity to hepatoma cells,
inhibition of histamine release, inhibition of cholesterol
synthesis, stimulation of platelet aggregation, antitumor
effect, and anti-HIV-1 and anti-HIV-protease activities
(Shiao et al. 1994; Zhong and Tang 2004; Tang et al.
2006b; EI-Mekkaway et al. 1998; Akihisa et al. 2007; Chen
et al. 2008).

GA is synthesized via the mevalonate/isoprenoid
pathway, which involves the sequential conversion of
farnesyl diphosphate to squalene and then to 2,3-
oxidosqualene, as confirmed by isotope labeling experi-
ments (Yeh et al. 1989; Hirotani et al. 1990; Shiao 1992).
The enzyme 3-hydroxy-3-methyglutaryl coenzyme A
reductase (HMGR) catalyzes the first step specific to
isoprenoid biosynthesis; squalene synthase (SQS) cata-
lyzes the first enzymatic step from the central isoprenoid
pathway toward sterol and triterpenoid biosynthesis (Abe
et al. 1993); and lanosterol synthase (LS) catalyzes the
cyclization of 2,3-oxidosqualene to form lanosterol, which
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is the lanostane ring skeleton of GA (Shiao 1992).
Although lanosterol was converted to GA in G. lucidum
as reported by '*C NMR experiments (Shiao 1992), the
later steps of GA biosynthetic pathway including a series
of cyclization, oxidation, and reduction reactions are yet
unclear in detail.

Due to the newly discovered important pharmacological
functions of GAs such as antitumor and anti-HIV activities,
the interest in G. lucidum has increased around the world in
recent years, and many researchers have focused on
studying fermentation conditions to accelerate mycelial
growth (Yang et al. 2009; Liu and Zhang 2007) and
optimize the GA production (Xu et al. 2008; Fang and
Zhong 2002; Tang et al. 2009; Tang and Zhong 2003a; Li et
al. 2006; Wagner et al. 2003) by mycelia fermentation.
However, all those previous reports were about the
production/content of total crude GAs based on UV
absorbance measurement. In fact, different individual GAs
have different bioactivities, e.g., GA-S stimulates platelet
aggregation (Wang et al. 1989), GA-T induces apoptosis of
lung cancer cells (Tang et al. 2006b), GA-Me inhibits tumor
growth and lung metastasis (Wang et al. 2007), and GA-3
inhibits the HIV-1 protease activity (Min et al. 1998).
Therefore, from the viewpoint of heterogeneity engineering
as well as for practical application, it is important to
understand the kinetic accumulation of individual GAs
during fermentation.

In addition, time course studies on individual GA
accumulation may provide information for the elucidation
of the biosynthetic pathway and transformation among
various GAs. In a study on ginsenoside production by
Panax notoginseng cells, the culture conditions were
reported to affect both the amount and type of ginseno-
sides (Wang et al. 2006). During the formation of fruiting
bodies of G. lucidum (Hirotani and Furuya 1990), the
alteration of triterpenoid patterns was also reported. But
there is no information on the formation of individual
GAs, not to mention their kinetic study in mycelia cultures
of G. lucidum.

Recently, Zhao and his co-workers (Shang et al. 2008;
Ding et al. 2008; Zhao et al. 2007) have cloned three genes
of farnesyl-diphosphate synthase, HMGR, and SQS in-
volved in the biosynthesis of triterpenoid in G. lucidum.
But to our knowledge, there is yet no information on the
response of GA biosynthesis-related gene transcription to
environmental conditions in fermentation processes in spite
of the great need for such knowledge in understanding the
secondary metabolism regulation. In another aspect, our
previous work has shown that the two-stage culture process
which combines liquid shaking culture with static culture
was an efficient strategy to enhance the production of total
GAs (Fang and Zhong 2002). However, it is yet unknown
whether or not the biosynthetic gene transcription level was
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different in the liquid static culture compared to the shaking
culture.

In this work, considering the role of LS in the
biosynthesis of GAs which have the lanostane ring
skeleton, we first cloned a LS partial complementary
DNA (cDNA) clone from G. lucidum, the same as for
HMGR and SQS. Then, the accumulation of GAs,
ergosterol, and lanosterol along with the expression of key
enzymes (HMGR, SQS, and LS) of the isoprenoid and GA
biosynthetic pathway was analyzed and compared in liquid
shaking and static fermentation of G. lucidum. The work
will be helpful for further investigation on the metabolite
biosynthesis regulation as well as for the development of a
more efficient fermentation process.

Materials and methods
Maintenance and preculture of G. lucidum

The strain of G. lucidum CCGMC 5.616 from China
General Microbiological Fermentation Center was main-
tained on potato dextrose agar slants. The details of
preculture medium and preculture conditions were de-
scribed earlier (Fang and Zhong 2002).

Liquid shaking culture and static liquid culture process

In liquid shaking culture process, a 45-mL culture medium
(Fang and Zhong 2002) in a 250-mL flask was inoculated
with 5 mL of second-stage preculture broth (with about
600-700 mg dry weight per liter). The culture was
incubated in the dark at 30°C on a rotary shaker at
120 rpm. For liquid static culture process, the culture was
moved to a 9-cm diameter plate for static incubation (30°C)
after 2 days of liquid shaking fermentation.

Sampling, analyses of dry weight, medium sugar, crude
total GAs, and individual GAs

For sampling, three flasks or plates were taken each time.
Dry cell weight (DW) and residual sugar concentration was
measured by gravimetric method and phenol-sulfuric acid
method, respectively (Tang and Zhong 2002). Crude GAs
were extracted and measured according to the method
described elsewhere (Fang and Zhong 2002). For individual
GAs, the dried mycelia (100 mg) were extracted by 50%
(v/v) ethanol (3 mL), ultrasonic treatment for 1 h (three
times). The supernatants were dried at 50°C under vacuum
and redissolved in 500 pl absolute ethanol for high-
performance liquid chromatography (HPLC) analysis by
an Agilent 1200 series (5 um Agilent Zorbax SB-C18
column, 250x4.6 mm) at 245 nm. The elution was
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performed at a flow rate of 1.0 mL/min with a linear
gradient of solvent A (methanol/acetic acid, 100:0.5, v/v)
and solvent B (water). The gradient, starting at sample
injection, was linear from 80% to 100% A in 20 min and
the elution continued for an additional 10 min at 100% A.
Chromatographic peaks were identified by comparing the
retention times and spectra against the known standards.
The standards of GA-T, GA-Me, GA-S, and GA-Mk were
extracted and purified from mycelia with preparative liquid
chromatography in our lab with purity over 99% (Tang et
al. 2006a and unpublished results).

Extraction and analysis of lanosterol and ergosterol

The sterols were extracted three times with methanol and
ethanol (60:40, v/v) and the total extracts were further
saponified according to Yuan et al. (2006) with 0.1 M
methanolic NaOH at 50°C for 2 h. The hydrolyzed samples
were mixed with 2 mL of distilled deionized water and
extracted twice with 5 mL petroleum ether (boiling point
range, 60-90°C). The petroleum ether layer was pooled and
evaporated to dryness under a stream of nitrogen.

The dry samples were redissolved in 100 pl of
methanol and were later injected into an Agilent 1200
series HPLC with an Agilent Zorbax SB-C18 column
(250%4.6 mm, 5 um) using methanol as the mobile phase
(flow rate, 1 mL/min), and the detector was set at 210 and
282 nm. Chromatographic peaks were identified by
comparing the retention times and spectra against the
standards of lanosterol (97%, Sigma, St. Louis, MO,
USA) and ergosterol (>95%, Sigma).

Total RNA extraction and cDNA synthesis

The total RNA from G. lucidum was extracted using TriZol
(Invitrogen, Carlsbad, CA, USA) as an extracting solution.
Residual genomic DNA was removed using RNase-free
DNase I (MBI Fermentas, Canada) according to the
manufacturer's protocol. RNA concentration was deter-
mined using a Biophotometer Plus (Eppendorf, Germany).
Reverse transcription was achieved using total RNA as the
starting material and the Superscript RNAase H First-
strand synthesis kit (Invitrogen).

Isolation of cDNA of GA biosynthesis genes
from G. lucidum

The G. lucidum LS partial ¢cDNA was isolated by
polymerase chain reaction (PCR) amplification using
degenerate forward/reverse primers designed on the basis
of the regions conserved among fungi in the previous
reported sequences: forward-LS, 5'-GAAGTYT
TTGGRGACATCATG-3'R(A,G),Y(C,T); reverse-LS,

5'-YTCMCCCCATCCACCATC-3" Y(C,T), M(A,C). At
the same time, the cDNAs for HMGR and SQS were also
isolated by reverse transcriptase PCR (RT-PCR) on the
basis of the known sequences (Shang et al. 2008; Zhao et
al. 2007). The amplified fragments were fused into the
pMDI19-T vector with a TA cloning system (Takara, Dalian,
China) according to the manufacturer's instructions and
sequenced by the fluorescence detection method using both
M13" and M13~ as primers (Shanghai Sangon Biological
Engineering Technology & Services Co., Ltd.). The LS
amino acid sequence showed 62% and 62% identity with
the available Aspergillus fumigatus LS amino acid sequence
(XP_747936.1) and Neurospora crassa LS amino acid
sequence (XP_961026.1), respectively. The LS nucleotide
sequence was submitted to Genbank and its accession
number was FJ195972.

Measurement of HMGR, SOS, and LS genes expression
by conventional RT-PCR and real-time quantitative RT-PCR

The transcript levels were analyzed by conventional RT-
PCR and real-time quantitative PCR. Primers, whose
sequences are shown in Table 1, were designed using
Primer Express software (Applied Biosystems) based on
sequences present in databases (LS, GeneBank accession
number FJ195972; SQS, GeneBank accession number
DQ494675; HMGR, GeneBank accession number:
EU263990; 18S rRNA, GeneBank accession number
737049).

For conventional RT-PCR analysis, identical amounts of
the RNA samples were subjected to reverse transcriptions
with RevertAid™ First Strand ¢cDNA synthesis kit (MBI
Fermentas) and the PCR amplification was done under the
standard condition by 7ag DNA Polymerase (TaKaRa Ex
Taq™). All conventional RT-PCRs were optimized to
ensure that amplification was terminated in the linear range.
PCR products were electrophoresed on a 1.5% agarose gel,
stained with ethidium bromide, and visualized with Tanon-

Table 1 Oligonucleotide primers used in this study

Target gene ~ Primer name Primer sequence (5'-3")

HMGR hmgr-forward ~ TCGCAGTGGCACAGGAGC
hmgr-reverse CCCGGTGTTGGTGTTAGAAG

SOS sqs-forward TGACGCTTCCTGACGAGA
sgs-reverse GTGGCAGTAGAGGTTGTA

LS Is-forward CTTCCGCAAGCACTACCCG
Is-reverse AGCAGATGCCCCACGAGCC

18SrRNA 18S-forward TATCGAGTTCTGACTGGGTTGT

18S-reverse ATCCGTTGCTGAAAGTTGTAT
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3500 GIS (Tanon, Shanghai, China). All RT-PCRs were
repeated at least two times.

For real-time quantitative RT-PCR, the cDNA was
quantified using a Mastercycler® ep realplex 2S detection
system (Eppendorf). PCR reactions were carried out
according to Maxima™ SYBR Green qPCR Master Mix
(MBI Fermentas) manufacturer's procedure. After denatur-
ation at 95°C for 10 min, amplification occurred in three
steps: 15 s of denaturation at 95°C, 30 s of annealing at
55°C, and 30 s of extension at 72°C, with a total of 40
cycles. Identical thermal cycling conditions were used for
all targets. The gene for 18S rRNA was used as the
reference gene because its expression was found to be
stable under our experimental conditions. The expression
level of the different genes was normalized with respect to
the G. lucidum 18S rRNA expression level. For each gene,
the reference sample (liquid shaking sample) was defined
as the expression level 1.0, and results were expressed as
the fold of mRNA level (liquid static sample) over the
reference sample. Post quantitative real-time RT-PCR
(qRT-PCR) calculations to analyze relative gene expres-
sion were performed according to the 2°““T method as
described by Livak and Schmittgen (2001).

Results

Kinetic profile of individual GA (GA-Me, GA-T, GA-S,
and GA-Mk) accumulation in liquid shaking and static
cultures

Figure la shows the kinetics of cell growth and sugar
consumption in static cultures and shaking cultures. A
higher final cell density of 12.5 g/L (by dry weight, DW)
was obtained in static cultures and the consumption rate of
sugar was lower compared to that in shaking cultures. The
accumulation of total crude GAs was shown in Fig. 1b.
The maximum content of total crude GAs was 3.25 mg/
100 mg DW on day 10 in liquid static cultures, but in
shaking cultures, its value was about 1.23 mg/100 mg DW
and did not change substantially during the entire
fermentation. The kinetic profiles of crude GA content in
both culture systems were almost the same as reported
earlier (Fang and Zhong 2002).

The time profiles of individual GA formation in liquid
static culture were also compared to those in shaking
cultivation. The results were shown in Fig. Ic, d. In shaking
cultures, the content of GA-T, GA-Me, and GA-S increased
slightly during the fermentation, and the GA-Mk content
increased until day 6 and then remained approximately
constant thereafter. In static cultures, the content of GA-T,
GA-Me, GA-S, and GA-Mk showed a similar profile, and
their individual GA content increased rapidly during the
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fermentation and reached a maximal value at the end of
fermentation.

In static cultures, individual GA content was much
higher than that in shaking cultivation. The GA-S content
was 55.8 nug/100 mg DW on day 14, which was 28-fold
higher than that of shaking cultures (1.97 png/100 mg
DW). The maximum content of GA-T, GA-Me, and GA-
Mk was 205.6, 96.3, and 42.6 ng/100 mg DW, respec-
tively, about 6.2, 9.5, and 6.3 times that in the shaking
cultures.

Analysis of intermediate and by-product accumulation
and detection of HMGR, SQOS, and LS gene expression
in liquid shaking and static cultures

Lanosterol was an important intermediate while ergosterol
is a by-product in the GA biosynthetic pathway, so the
content of lanosterol and ergosterol was also analyzed in
two different culture systems. As shown in Fig. 2, the
lanosterol and ergosterol level was lower compared with
that in the shaking cultures. In static cultures, lanosterol
content decreased from 6.55 to 2.58 mg/g DW during the
logarithmic phase, but there were no significant changes in
the level of lanosterol content during the logarithmic phase
in shaking fermentation.

To explore the molecular mechanism underlying the
higher GA production observed in liquid static culture in
contrast to shaking culture, as our initial efforts here, the
expression kinetics of three important genes, i.e., HMGR,
SOS, and LS, were examined by conventional RT-PCR and
gRT-PCR in both systems.

As shown in Fig. 3a, b, LS gene showed a similar
expression profile in both culture systems and the maxi-
mum mRNA abundance of LS was at day 6, followed by a
decrease to the level near the beginning until the end of the
experiment. For SOS gene, there was a clear increase in
transcription at growth phase starting on day 6 until the end
of the shaking culture (day 18). But in static culture, the
SQS transcript level reached the highest level on day 14
and then gradually decreased, still maintaining a higher
level than the beginning even after day 18. In the case of
HMGR gene, the mRNA level increased after 4 days of
cultivation and the elevated level continued in the shaking
cultures. The highest expression of HMGR was observed at
day 6; afterwards, there was a slight decrease in static
cultures.

The three gene expression levels were also deter-
mined using qRT-PCR as described in “Materials and
methods.” Gene expression was normalized against the
expression level of the 18S rRNA gene. As shown in
Fig. 3c, SOS was the most highly expressed gene,
followed by LS and HMGR. The mRNA level of SOS in
static cultures was about 4.3-fold that of shaking cultures
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Fig. 1 Kinetics of the cell growth and sugar consumption (a), the
content of total GAs (b), and accumulation of GA-T, GA-Me (c) and
GA-Mk, GA-S (d) in liquid static and shaking cultures of G. lucidum

on days 10 and 14. The expression of LS in static cultures
was 2.1 times higher on day 6 than that in shaking
cultures. For HMGR gene, the transcription level in static
cultures was 1.5- and 1.9-fold that of the control on days 6
and 14, respectively.
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Fig. 2 Lanosterol and ergosterol content of G. lucidum during liquid
static and shaking fermentation

Cultivation time (d)

in shake flasks. The error bars in the figure indicate the standard
deviations from three independent samples

Discussion

Ganoderic acids are a kind of highly oxygenated and
pharmacologically active lanostane-type tritepenoids. In-
vestigation of the individual GA formation during fermen-
tation is critical to the practical application, as each of them
has different bioactivities, and it is also the first step in
understanding the molecular mechanism of GA biosynthe-
sis in G. lucidum. Although it has been reported that GA
accumulation was influenced by culture conditions, all the
previous work was about total crude GA production based
on UV absorbance measurement, while the total GAs are a
complicated mixture which usually has other organic acids
(Wagner et al. 2003) and the content may not accurately
reflect the intracellular GA accumulation. Our previous
work showed that total GAs production was enhanced in a
two-stage process and the liquid static culture was a
significant process (Fang and Zhong 2002), but the
mechanism was unknown. Therefore, this work was
focused on the investigation of the kinetic profiles of
individual GA accumulation, intermediate metabolite for-
mation, and related biosynthetic gene transcription in both
liquid shaking and static cultures.
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Fig. 3 Detection of HMGR, SOS, and LS gene expression at different
cultivation times in liquid shaking culture (a) and liquid static culture
(b) of G. lucidum as well as their qRT-PCR results (c)

In our systems, GA-T, GA-Me, GA-S, and GA-Mk were
detected as major GA components from the cultured
mycelia of G. lucidum. Time profiles of GA formation in
static culture were compared with those in shaking
cultivation (as the control), and the content of four
individual GAs was enhanced about 6-25 times; this was
consistent with our previous work about total GA produc-
tion in the two culture modes (Fang and Zhong 2002; Tang
and Zhong 2003b). The content of total crude GAs
maintained at a similar level during liquid shaking
fermentation, but for individual GAs, they slightly in-
creased from day 2 to day 18, although their accumulation
levels were relatively low. In static culture, the level of four
individual GAs showed a similar profile with a dramatic
increase throughout the entire fermentation process. The
results suggested that the biosynthetic pathway of individ-
ual GAs was mainly activated in liquid static culture mode.
The high level of individual GA production might be due to
the limitation of oxygen or nutrients in static culture. It is
well known that oxygen and nutrients play an important
role in mycelia growth and secondary metabolite produc-
tion during the fermentation of higher fungi (Rau et al.
1992; Hansson and Seifert 1987). Previously, Tang and
Zhong (2003a) reported that the limitation of oxygen was
beneficial to the GA biosynthesis in submerged fermenta-
tion of G. lucidum. For polysaccharide production by
G. lucidum, it was found that the nitrogen source limitation
had a promoting effect (Hsieh et al. 2000).

@ Springer

Ganoderic acids are highly oxygenated C30 lanostane-
type triterpenoids, and lanosterol is one of the important
intermediates common to the biosynthesis of both ganode-
ric acid and ergosterol. Our results showed that both
lanosterol and ergosterol levels in static culture were lower
than that in the shaking culture during the whole fermen-
tation process, which suggested that lanosterol may be
metabolized faster to GAs and ergosterol in static culture
and that the ergosterol biosynthetic pathway may be a
major one for lanosterol metabolism in shaking culture.
Those results were in agreement with the observation on
higher GA accumulation in liquid static culture. Until now,
the detailed biosynthetic steps from lanosterol to GA are yet
unclear and the enzymes involved in those steps have not
been identified; after the biosynthetic pathway is complete-
ly revealed, a better understanding on the association of
intermediates and GA accumulation would be possible.

To gain insight into the molecular events responsible for
the difference in ganoderic acid content between shaking
culture and static culture, we analyzed the transcript levels
of three genes HMGR, SOS, and LS, which are involved in
the GA biosynthetic pathway. HMGR gene encodes a 3-
hydroxy-3-methylglutaryl coenzyme A reductase, the rate-
limiting enzyme of the MVA pathway. SOS gene encodes
the squalene synthase, which catalyzes the first enzymatic
step in sterol and triterpenoid biosynthesis. LS gene
encodes lanosterol synthase that catalyzes the formation of
triterpene skeleton. In this work, the three biosynthetic
genes showed different transcription accumulation patterns
or levels in two cultivation modes. In contrast to shaking
culture, nutrient and oxygen gradients could be more easily
present in liquid static culture. The difference in the gene
expression may be caused by the difference in the
environmental conditions. As a similar case, recently,
Barrios-Gonzalez et al. (2008) reported that lovastatin
biosynthetic genes of Aspergillus terreus were expressed
differentially in different fermentation modes. In Aspergil-
lus oryzae, it was reported that different control mecha-
nisms regulated glucoamylase and protease gene
transcription in solid-state and submerged fermentations
(Te Biesebeke et al. 2004). In addition, the SQS, LS, and
HMGR transcript in liquid static culture was 4.3-, 2.1-, and
1.9-fold higher compared with the shaking culture, respec-
tively. Those results showed that the differences in GA
content between the two cultivation modes were in
agreement with differences in transcription levels of genes
involved in the biosynthesis pathway. Our results showed,
for the first time, that higher content of GA in liquid static
culture was at least partially due to a higher transcription
level of its biosynthetic genes.

Among the three genes monitored, the transcript of SQS
increased over the cultivation time in both modes, which
corresponded to the increase in GA content during
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fermentation. Moreover, SOS gene also showed a higher
transcription level compared with HMGR and LS genes.
Those results were in accordance with the report by Zhao et
al. (2004). They analyzed the squalene synthase expression
by anti-SQ-4-ployclonal antibody during the development
of the fruiting body of G. lucidum, and the results
suggested that the low expression level of this enzyme
was correlated with the low triterpene content of the
fruiting body. It is known that squalene synthase is a key
regulatory enzyme for phytosterol and triterpene biosyn-
thesis in plants. For example, an addition of fungal elicitors
into tobacco cell cultures induced the decline in sterol
biosynthesis which correlated with the suppression of SQS
activity (Devarenne et al. 1998), and the overexpression of
squalene synthase in Panax ginseng roots resulted in a
remarkable increase of phytosterol and triterpene saponins
(Lee et al. 2004; Seo et al. 2005). Our results suggested that
higher transcription level of SQS might be an important
underlying cause of the higher GA content in static culture.
Further work will be required to clarify the role of SQS and
coordinately regulated enzymes.
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