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Ergothioneine (ERG) has long been recognized as a potent and stable antioxidant. In nature, ERG is
synthesized only in fungi and mycobacteria, not in plants. The lifecycle of Gastrodia elata, an
achlorophyllous orchid plant, is completely dependent on the presence of symbiotic fungi, particularly
Armillaria mellea. In this study, we report for the first time that G. elata accumulated ERG whose levels
were correlated with the concentrations of ERG in A. mellea. The contents of ERG in G. elata were
significantly higher in actively developing tissues, such as seed capsules and newly growing corms,
than in mature rhizomes. The ERG levels in rhizomes were significantly correlated with antioxidant
capacities and were quantitatively comparable to the previously established major pharmacological
components in G. elata. These results indicated that ERG is a newly found functional substance in G.
elata, which may be responsible for the beneficial health effects of G. elata on various human diseases.
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INTRODUCTION

Ergothioneine (ERG) 2-mercaptohistidine trimethyl-
betaine is a naturally occurring amino acid (Figure 1). In
addition, it is a very stable antioxidant and is non auto-
xidizable at physiologic pH (Hartman, 1990). ERG has
several physiological benefits, including enhancement of
metabolic energy, protection against formation of
cataracts and molecular regulation of anti-inflammatory
mechanisms in lungs (Shukla et al., 1981; Kawano et al.,
1982; Rahman et al., 2003). Moreover, a recent study
demonstrated that ERG depletion in mammalian cells
causes severe oxidative stress, suggesting that ERG
may represent a new vitamin due to its dietary origin and
the toxicity associated with its depletion (Paul and Snyder,
2009). In nature, ERG biosynthesis is restricted to fungi
and Mycobacteria (Melville et al., 1956; Genghof and Van
Damme, 1964; Akanmu et al., 1991). ERG produced in
these organisms is absorbed by plants and then passed
on to animals and humans, where it accumulates at
different concentrations in tissues and blood (Melville,
1958). We previously found thata number of fungal
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species accumulated ERG at different levels in their
fruiting bodies and mycelia and that the addition of
methionine to the culture medium increased the ERG
content in the mycelial culture of Ganoderma neo-
japonicum (Lee et al., 2009a; Lee et al., 2009b).

Although ERG have been found in a few plants (e.g.,
0.017 mg/g in rolled oats, 0.014 mg/g in black turtle bean),
the contents were very low compared to those found in
fungal species (Ey et al., 2007). The rhizomes (also
called corms or tubers) of Gastrodia elata have been
used for centuries in Oriental countries as anticonvul-
sants, analgesics and sedatives for the treatment of
general paralysis, epilepsy, vertigo and tetanus (Hsieh et
al., 2000; Kim et al.,, 2001; Ha et al., 2000; An et al.,
2003). G. elata, which is an achlorophyllous orchid plant,
must establish the symbiotic relationship with beneficial
fungi, depending on its developmental stages such as
seed germination and vegetative growth. After seed ger-
mination, seed-derived protocorms should be associated
with Armillaria mellea (Zhang and Li, 1980) to vegetative
mature rhizomes. Since A. mellea accumulates ERG in
its fruiting bodies (1.94 mg/g DW; Lee et al., 2009a), we
assume that ERG may also be released into the cells of G.
elata.

In this study, we showed for the first time that ERG was
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Figure 1. Chemical structure of ergothioneine.

accumulated in an achlorophyllous orchid plant, G. elata.
In particular, we demonstrated that ERG is accumulated
at higher levels in actively growing tissues compared to
the mature rhizomes, suggesting that ERG may be
transported from the mature rhizomes to actively growing
tissues of G. elata. We also found that the levels of ERG
were quantitatively comparable to those of other major
pharmacological components in the mature rhizomes,
suggesting that ERG in G. elata may be responsible for
the beneficial health effects of G. elata on various human
diseases.

MATERIALS AND METHODS
Sample collection and preparation

The fresh mature rhizomes of G. elata (at least 10 cm in length)
were obtained from three different cultivation areas in Korea: Muju,
Boeun and Chungju. For flower induction, they were planted in
square pots (90 x 90 x 90 cm) containing sand soil and maintained
at 25+1°C in the dark. After flower induction, manual pollination was
conducted prior to harvesting the flower stalks and seed capsules.
Plant samples including rhizomes, flower stalks and seed capsules
were harvested and stored at 80°C for later use.

Rhizomorphs of A. mellea were collected from the same area
where the mature rhizomes were collected. However, we purchased
fruiting bodies of A. mellea from a local market in Seoul, Korea,
because they have never found in the cultivation area of G. elata
rhizomes. The same fungal strain was collected from Korea Forest
Research Institute and then freshly grown on the Potato Dextrose
Agar (PDA) plates at 27°C for two weeks. Several 10 mm? agar
discs from cultures grown on PDA plates were then transferred to
100 ml of the fungal growth medium (Lee et al., 2007). This culture
was incubated in a 250 ml Erlenmeyer flask at 25°C on a rotary
shaker incubator at 100 rpm for two to three weeks. Subsequently,
the mycelial culture was harvested and stored at -80°C for further
analysis.

Quantitative analysis of Ergothioneine, GA and Vanillyl alcohol

The procedures used for ERG analysis were previously described
(Lee et al., 2009b). The levels of other major functional components
in G. elata, such as gastrodin (GA, p-hydroxymethylphenyl-3-D-Glu-
copyranoside), Vanillyl alcohol (VA) and p-hydroxybenzyl alcohol
(HBA), were determined as described by Liu et al. (2005) for the
extraction procedure and by Ong et al. (2007) for the subsequent
HPLC analysis with Luna C;g column (5 um, 21.2 x 250 mm).

Although the contents of HBA were also analyzed, the results were
not included due to its very limited accumulation in Gastrodia
rhizomes (< 5 ng/g DW).

Ergosterol measurement

Quantitative analysis of ergosterol (EST) was conducted as
described by Zhao et al. (2005) with modifications. Approximately
100 mg of the freeze-dried samples were weighed and transferred
into a 50 ml falcon tube. 50 ml of methanol was added and soni-
cated for 5 min. The contents were then centrifuged at 4000 rpm for
20 min. The supernatant was transferred into a 250 ml round
bottom flask. 10 g of potassium hydroxide and 20 ml of ethanol
were then added to the latter and refluxed for one hour to saponify
the sterol esters.

After cooling, the contents were centrifuged at 500 rpm for 30
min. The supernatant was transferred to a separatory funnel; 25 ml
of water was added and fractionated three times with 40 ml of
hexane. The hexane fraction was concentrated in a rotary
evaporator and re-dissolved in 3 ml of methanol by sonicating.

The re-dissolved hexane fraction in methanol was filtered through
a 0.2 ym membrane filter and analyzed by HPLC with a Finnigan
Surveyor system (Thermo Electron, MA, USA). Twenty ul of the
sample were injected per analysis and applied on a LiChrospher
100RP-18S (5 pm, 4.6 X 250 mm) at a flow rate of 2 ml/min with
methanol-water (98:2). The TSP UV 3000 HR detector (Thermo
Fisher Scientific, Sao Jose, CA, USA) was set at 282 nm.

Determination of radical scavenging capacity

Various concentrations of the rhizome extracts (0.1 ml) were mixed
with 0.9 ml of a methanolic solution containing 1,1-diphenyl-2-picryl-
hydrazyl (DPPH) radicals (60 umol/l) (Hatano et al., 1988) and then
incubated for 60 min in the dark. The reduction of DPPH radicals
was determined by measuring the absorption at 517 nm. The total
antioxidant status of the extracts was also measured using the 2,2’-
azinobis[3-ethylbenzthiazoline]-6-sulfonic acid (ABTS) assay (Re et
al., 1999). Absorbance at 734 nm was measured one minute after
the addition of each extract at five different concentrations. The
extract concentration that provided 50% inhibition (ECso; mg/ml)
was calculated from the graph of the radical scavenging capacity
percentage against extract concentration. Gallic acid was used as a
standard.

Statistical analyses

Multiple comparison tests were performed to examine differences
among the levels of ERG and EST using the Duncan’s test at P <
0.05, while regression analgsis was conducted to obtain a
coefficient of determination (R“) between the ECso values and the
contents of ERG in the different sizes of G. elata rhizomes. Sta-
tistical procedures were carried out using the SAS program (SAS
Institute Inc., Cary, NC).

RESULTS AND DISCUSSION
Ergothioneine production in A. mellea

The entire lifecycle of G. elata is completely linked to
symbiotic fungi, which is dependent on its developmental
stages, where Mycena osmundicola is necessary for
seed germination (Guo and Xu, 1990) and A.
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Figure 2. The ergothioneine (ERG) concentrations synthesized
in the symbiotic fungus A. mellea. The data represents mean
values * S.D. (n = 6). M. mycelia; R. rhizomorphs; F, fruiting
bodies.

(Zhang and Li, 1980) is required for vegetative rhizome
growth. In this study, we used A. mellea (Strain number
69403; hereafter A. mellea), which is a main fungal strain
that has been extensively used in Korea for the pro-
duction of G. elata. First, we determined the ERG levels
in various tissues of A. mellea, including mycelia, rhizo-
morphs and fruiting bodies (Figure 2). The ERG content
in rhizomorphs was the highest among the tissues tested:
0.11 mg/g dry weight (DW) in rhizomorphs, 0.05 mg/g
DW in mycelia and 0.07 mg/g DW in fruiting bodies
(Figure 2).

This result indicated that ERG accumulated at different
levels, depending on the tissues of A. mellea. We also
previously showed that Ganoderma species contained at
least ten times higher levels of ERG in the mycelia than
in their fruiting bodies, which is in contrast to the Lentinus
species, suggesting that the accumulated levels of ERG
were different between either the tissues or the species of
mushrooms (Lee et al., 2009a).

Ergothioneine accumulation in rhizomes of Gastrodia
elata

The infection of seed-derived protocorms with A. mellea
through its rhizomorphs is a prerequisite for their vege-
tative growth. After infection by rhizomorphs, the hyphae
were digested and nutrients were released into cells of G.
elata (Yang and Hu, 1990). Therefore, we assumed that
ERG was also released upon hyphal digestion and

accumulated in rhizomes of G. elata. Prior to measuring
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the amount of ERG in G. elata, we determined the ERG
contents in the rhizomorphs of A. mellea used for the
production of G. elata at three different cultivation areas
(Figure 3a). Consequently, we found that rhizomorphs
contained a signifiant different amount of ERG depending
on the cultivation areas: 0.09 mg/g DW in Boeun, 0.11
mg/g DW in Muju and 0.13 mg/g DW in Chungju (Figure
3a). The content of ERG was also measured in mature
rhizomes (> 10 cm in length) from the corresponding
areas. We found that a higher level of ERG was in
rhizomorphs and more ERG was accumulated in mature
rhizomes: 0.35 mg/g DW in Boeun, 0.50 mg/g DW in
Muju and 0.70 mg/g DW in Chungju (Figure 3a). This
result suggested that the ERG levels in mature rhizomes
were dependent on the ERG contents in rhizomorphs. In
previous studies, the ERG levels in either the mycelia or
the fruiting bodies were altered by changing the cul-
tivation conditions (Lee et al., 2009b; Dubost et al., 2007).
Lee et al. (2009b) demonstrated that the addition of
methionine into the culture medium significantly
enhanced the ERG concentration in the mycelia of
Ganoderma neo-japonica. The concentration of ERG in
Agaricus bisporus also increased when the fungus was
grown in a relatively dry substrate and when the sub-
strate was fragmented and supplemented with the amino
acid histidine, suggesting that ERG may be a stress-
induced metabolite (Dubost et al., 2007). Taking together,
these results indicated that the environmental conditions
at different cultivation areas may stimulate ERG
biosynthesis in A. mellea at different rates, resulting in
significantly different amounts of ERG in the mature
rhizomes of G. elata.

Since the development of G. elata is entirely dependent
on the symbiotic fungal relationship, the effect of con-
tamination on the ERG levels, which are imposed by A.
mellea, must be investigated. EST is the most abundant
sterol in the cell membranes of most filamentous fungi
(Weete, 1989) and has been identified as a reliable
indicator for active fungal biomass (Zhao and Lin, 2005).
Therefore, the EST levels in both rhizomorphs and the
rhizomes from three different cultivation areas were
determined (Figure 3b).

The EST content in rhizomorphs ranged from 0.65 to
0.66 mg/g DW while the rhizomes contained at least 10-
fold lower levels of EST (0.061 ~ 0.064 mg/g DW)
compared to those in rhizomorphs. However, as shown in
Figure 3a, the ERG content in the rhizomes was at least
3.9-fold higher than those in rhizomorphs from the
corresponding areas. This result suggested that the
contamination effects of A. mellea on the ERG levels in G.
elata were not significant. In addition, either rhizomorphs
or rhizomes contained similar levels of EST regardless of
cultivation area (Figure 3b). Based on the results shown
in Figure 3a and 2b, ERG levels in the rhizomes were not
considerably affected by contamination with active fungal
biomass on the surface of the rhizomes, although there
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Figure 3. Quantitative analysis of both ergothioneine (ERG)
in (a) and ergosterol (EST) in (b) from the rhizomorphs and
rhizomes, respectively, which were collected from three
different cultivation areas including Boeun (BE), Muju (MJ)
and Chungju (CJ). The data represents mean values + S.D.
(n = 6). The same superscript letters indicate the
corresponding components that do not differ statistically (P
< 0.05; Duncan’s test).

reasonable to suggest that ERG continuously
accumulated in the rhizomes through rhizomorphs during
rhizome development.

Higher accumulation of Ergothioneine in actively
growing tissues

Humans accumulate ERG, which is a cell-membrane

impermeative and thus requires a specific ERG receptor/
transporter OCTN1 for proper ERG function in tissues
and blood (Griindemann et al., 2005). Therefore, we exa-
mined whether or not ERG is accumulated in the different
tissues of G. elata other than rhizomes. We first observed
that the highest levels of ERG were found in seed
capsules, although there were differences in the ERG
contents between these three cultivation areas (Figure
4a). Flower stalks also contained higher levels of ERG
compared to rhizomes, indicating that ERG may be
actively translocated to seed capsules through conductive
organs such as flower stalks. The mature rhizome of G.
elata is the sole source for flowering and contains all the
nutrients required for flowering. We therefore assumed
that during flowering, nutrients including ERG in the
mature rhizome were continuously transferred through
the flower stalk to seed capsules, resulting in the highest
accumulation of ERG. However, since the economic
values of rhizomes were severely hampered by flowering;
that is rhizomes become hollow after flowering, tissues
including flower stalks and seed capsules would not be
used for practical sources of dietary.

The content of ERG in rhizomes of different lengths
were also measured (Figure 4b). In this analysis we
found that longer rhizomes had lower levels of ERG. The
smallest rhizomes (less than 0.5 cm in length), that is
newly growing terminal corms, contained the highest
levels of ERG: 1.9 mg/g DW in Boeun, 2.2 mg/g DW in
Muju, and 2.7 mg/g DW in Chungju (Figure 4b). Once the
rhizomes grew to the size of Group Il (> 1.0 cm in length),
the ERG levels no longer changed. Consequently, the
rhizomes in Group | contained 3.9 to 5.4 times higher
levels of ERG compared to the mature rhizomes (Group
V). These results suggested that ERG in the rhizomes of
G. elata may be translocated to actively growing tissues,
such as seed capsules and newly growing terminal corms.

Significant correlation of Ergothioneine contents with
radical scavenging capacity

ERG, a water-soluble thiol compound, has been impli-
cated in the intracellular antioxidant thiol defense system
along with glutathione (Brummel and Stegink, 1993).
Various antioxidant activities have been proposed for
ERG, which involve the removal of cell toxic radical
species or chelating of metal ions (Akanmu et al., 1991;
Aruoma and Spencer, 1999; Franzoni et al., 2006).
Furthermore, a recent study showed that ERG depletion
caused severe oxidative stress on mitochondrial compo-
nents, which suggests that ERG may represent a new
treatment with physiologic roles that include antioxidant
cytoprotection (Paul and Snyder, 2009).

To evaluate the beneficial health effects of rhizome-
extracts containing ERG, the total antioxidant power was
measured using two different chromogenic redox
reagents with different standard potentials, DPPH and
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Figure 4. Ergothioneine (ERG) levels in various tissues of G. elata
from the three different cultivation areas: Boeun (BE), Muju (MJ),
and Chungju (CJ). (a) ERG contents in the mature rhizomes, flower
stalks and seed capsules, (b) ERG contents in rhimozomes of
different lengths from G. elata (Group |, < 0.5 cm; Group II, 0.5 - 1.0
cm; Group 11, 1.0 - 2.0 cm; Group 1V, 2.0 - 4.0 cm; Group V, > 4.0
cm). The data represents mean values = S.D. (n = 6).

capacities of extracts obtained from rhizomes of different
lengths (Group | - Group V). The radical scavenging
capacity (RSC) values were expressed as the ratio
percentage of sample absorbance decrease and the
absorbance of either DPPH or ABTS solution without the
extracts at 517 nm. The DPPH and ABTS scavenging
capacities were the highest in Group | (80.3% at 4 mg/mi

for DPPH and 92.3% at 1.6 mg/ml for ABTS). The RSCs
for Group | on DPPH and ABTS were 21.7 and
29.3%
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Figure 5. Antioxidant activities of the rhizome extracts
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elata and scavenging capacity (ECsy) of DPPH and ABTS

independent experiments.

radicals. The data values indicate the mean + S.D. from three
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Table 1. Contents of three major pharmacological components in the mature
rhizomes of G. elata collected from three different cultivation areas.

Content (ug/g DW)

Cultivation site

Ergothioneine Gastrodin Vanillyl alcohol

Boeun 472.5+81.2% 1091.8 + 181.7° 131.2 +8.1°
Muiju 359.6 + 12.3" 1981.0 + 259.3° 151.2 +5.8°
Chungju 385.7+ 16.7%°  1597.5 + 347.0% 189.4 +7.8%

The mature rhizomes of G. elata (> 10 cm in length) were collected from the
corresponding cultivation sites. The data represents mean values + S.D. (n = 6). The
same superscript letters indicate the corresponding components that do not differ

statistically (P < 0.01; Duncan’s test).

higher than the corresponding values for Group V, res-
pectively. Figure 5C showed the ECsg, values obtained in
the antioxidant capacity assays of the rhizome extracts
containing different amounts of ERG. Significant negative
linear correlations were observed between the ERG
contents in the rhizome extracts and ECs, values of both
the DPPH and ABTS scavenging capacities (deter-
mination coefficient 0.6531 for DPPH and 0.7411 for
ABTS; p < 0.01) (Figure 5C). These negative linear
correlations proved that the samples with the higher ERG
levels showed higher antioxidant capacity and lower ECsq
values.

Ergothioneine is a major pharmacological ingredient
in rhizomes of Gastrodia elata

The major components in G. elata have previously shown
to be GA, VA, and HBA (Ong et al, 2007). Each
component has been shown to have a number of
pharmacological effects on Alzheimer’s disease (Liu et al.,
2005), neuronal damage (Kim et al., 2001), memory con-
solidation and retrieval (Hsieh et al., 1997), and epileptic
seizures (Hsieh et al., 2000). In order to determine if the
ERG content is comparable to their levels, we verified
their contents in mature rhizomes from three different
cultivation areas (Table 1). Although the HBA levels were
determined, the data values were not included in Table 1
due to the very limited level of accumulation (< 5 ug/g
DW). Liu et al. (2005) also found that the HBA contents in
G. elata tuber samples from three different places were
130 - 260 times lower than the GA contents. GA was the
most dominant ingredient, which accumulated up to a
concentration of 1983 ug/g DW, while the content of VA
was significantly lower than the GA levels. ERG levels
were 2.0 to 3.6 times higher than the VA levels but lower
than the GA levels, indicating that ERG may be one of
major components responsible for the antioxidant activity
and beneficial effects of G. elata on human health.
Although no ERG biosynthesis has been detected in
higher plants, some plants contained ERG (Ey et al.,

2007). Among ERG-accumulating plants, the black turtle
bean appeared to contain the maximum level of ERG (up
to 13.49 pg/g wet weight), while other plants had very
littte or no ERG at all (Ey et al.,, 2007). It has been
suggested that the incorporation of ERG in plants may
result from the absorption of the ERG produced by micro-
organisms in the soil through the root system and that it
is enriched in animals through ERG-containing plant and
animal food (Melville et al., 1956). The highest ERG level
found in the rhizomes of G. elata (Chungju) was 0.7 mg/g
DW, which is approximately a 52-fold higher level than
that in black turtle bean. This means that thus far, G.
elata contained the highest amount of ERG compared to
any other plants analyzed for their ERG contents.

In conclusion, this study showed for the first time that
ERG was accumulated in G. elata and that its level was
dependent on the level of ERG synthesized in the sym-
biotic fungus, A. mellea. The ERG levels in G. elata were
significantly higher in actively growing tissues such as
seed capsules and newly growing terminal corms,
compared to mature rhizomes, suggesting possible trans-
location of ERG from rhizomes to actively growing tissues.
Furthermore, the ERG levels in the rhizomes were
quantitatively comparable to the previously established
pharmacological components (such as GA, VA and HBA),
indicating that ERG is a newly found functional com-
ponent in G. elata that may be responsible for the proven
antioxidant activities and beneficial effects of G. elata on
various human diseases.
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